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ABSTRACT 

The project Massive Unseen Companions to Hot Paint Underluminous Stars from SDSS (MUCHPUSS) aims at finding hot subdwarf 
stars with massive compact companions like massive white dwarfs (M > 1.0 Mq), neutron stars, or stellar-mass black holes. The 
existence of such systems is predicted by binary evolution theory, and recent discoveries indicate that they exist in our Galaxy. 

We present orbital and atmospheric parameters and put constraints on the nature of the companions of 12 close hot subdwarf B star 
(sdB) binaries found in the course of the MUCHFUSS project. The systems show periods between 0.14 and 7.4 days. In nine cases 
the nature of the companions cannot be constrained unambiguously whereas three systems most likely have white dwarf companions. 
We find that the companion to SDSS J083006.17-1-475150.3 is likely to be a rare example of a low-mass helium-core white dwarf. 
SDSS J095101.28+034757.0 shows an excess in the infrared that probably originates from a third companion in a wide orbit, which 
makes this system the second candidate hierarchical triple system containing an sdB star. SDSS J113241.58-063652.8 is the first 
helium deficient sdO star with a confirmed close companion. 

This study brings to 142 the number of sdB binaries with orbital periods of less than 30 days and with measured mass functions. We 
present an analysis of the minimum companion mass distribution and show that it is bimodal. One peak around 0.1 Mq corresponds 
to the low-mass main sequence (dM) and substellar companions. The other peak around 0.4 Mq corresponds to the white dwarf 
companions. The derived masses for the white dwarf companions are significantly lower than the average mass for single carbon- 
oxygen white dwarfs. In a Teg - log g diagram of sdB+dM companions, we find signs that the sdB components are more massive than 
the rest of the sample. The full sample was compared to the known population of extremely low-mass white dwarf binaries as well as 
short-period white dwarfs with main sequence companions. Both samples show a significantly different companion mass distribution 
indicating either different selection effects or different evolutionary paths. We identified 16 systems where the dM companion will fill 
its Roche Lobe within a Hubble time and will evolve into a cataclysmic variable; two of them will have a brown dwarf as donor star. 
Twelve systems with confirmed white dwarf companions will merge within a Hubble time, two of them having a mass ratio to evolve 
into a stable AM CVn-type binary and another two which are potential supernova la progenitor systems. The remaining eight systems 
will most likely merge and form RCrB stars or massive C/O white dwarfs depending on the structure of the white dwarf companion. 

Key words, binaries: spectroscopic - stars: subdwarf 


1. Introduction 

Hot subdwarf B stars (sdBs) are hot core helium-burning stars 
with masses around 0.5 Mq and thin hydrogen layers (Heber 
1986; for a recent review see Heber 2009). It has been shown 
that a large fraction of sdBs are mem bers of short-period 
binaries with periods b elow ~10 days (iMaxted et al.l I200II : 
iNaniwotzki et al.l l2004ah . For such short-period sdB binaries 
common envelope (CE) ejection is the only likely formation 
channel. One possible scenario is that two main sequence stars 
(MS) evolve in a binary system. The more massive one will 


Send offprint requests to: T. Kupfer, 
e-mail: t. kupfer@astro .ru.nl 


evolve faster to become a red giant. Unstable mass transfer from 
the red giant to the companion will lead to a CE phase. Because 
of the friction in this phase, the two stellar cores lose orbital 
energy and angular momentum, which leads to a shrinkage of 
the orbit. This energy is deposited in the envelope which will 
finally be ejected. If the core reaches the mass required for the 
core-helium flash before the envelope is lost, a binary consisting 
of a core-helium burning sdB star and a main sequence com¬ 
panion is formed. In another possible scenario the more massive 
star evolves to become a white dwarf (WD) either through a CE 
phase or stable mass transfer onto the less massive companion. 
The less massive star evolves then to become a red giant. Un¬ 
stable mass transfer will lead to a CE and once the envelope is 
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Table 1. Overview of the solved binary systems. 


hand may be triggered by stable mass transfer dMereghetti et al.l 
l2009h . 


Short name SDSS name 


Other names 


JOl 185-00254 
J03213+05384 
J08233+11364 
J08300+47515 
J09523+62581 
J09510+03475 
J10215+30101 
J11324+06365 
J13463+28172 
J15082+49405 
J15222-01301 
J18324+63091 


SDSS JOl 1857. 
SDSSJ032138. 
SDSSJ082332. 
SDSSJ083006. 
SDSSJ095238. 
SDSSJ095101. 
SDSSJ102151. 
SDSSJ113241. 
SDSSJ134632. 
SDSSJ150829. 
SDSSJ152222. 
SDSSJ183249. 


20-002546.5 

67+053840.0 

08+113641.8 

17+475150.3 

93+625818.9 

28+034757.0 

64+301011.9 

58-063652.8 

65+281722.7 

02+494050.9 

14-013018.3 

03+630910.5 


PB 6373 
PG 0319+055 

PG 0826+480 
PG 0948+632 
PG 0948+041 

PG 1130-063 
TON 168 
SBSS 1506+498 

FBS 1832+631 


ejected the red giant remnant starts burning helium, an d a system 
consisting o f an sdB with a WD companion is formed dHan et al.l 

I2()()ll2()0l . 

If the red giant loses enough mass that the remnant is not 
massive enough to ignite helium the star will evolve directly to 
become a helium-core white dwarf. Helium-core white dwarfs 
with masses b elow 0.3 Mp are cal led extremely low-mass (ELM) 
white dwarfs (iBrown et al.ll201(]h . According to single star evo¬ 
lution, ELM-WDs should not exist as the evolutionary timescale 
to form them is much longer than the age of the universe. There¬ 
fore, significant mass transfer during the evolution is needed 
and most of the observed ELM-WDs indeed reside in close bi¬ 
nary systems, usually with WD companions. Those systems are 
formed through the same CE-ejection process as the short-period 
sdB binaries, except that the envelope is eje cted before the cor e 
reaches the mass required to ignite helium dBrown et al.ll20ldh . 
Recent studies have increased the number of known ELM-WDs 
significantly (Brown et al. 2013 and references therein). During 
their evolution they can spectroscopically appear as sdBs. How¬ 
ever, they have lower masses compared to helium core-burning 
sdBs. Three low-mass sdBs, which evolve directly towards the 
ELM-WD phase are known so far. All have WD co mpanions and 
lie below the Zero-Age Extreme Horizontal B ranch (iHeber et al.l 
l2003t[^Toole et ^120061: ISilvotti et al.ll2012h . Furthermore, hot 
He-WD progenitors in an earlier stage of evolution have been 
recently found orbiting intermediate-mass main sequence stars 
(ELCVn systems, Maxted et al. 2013). 

Hot subdwarf binaries, as well as WDs with massive WD 
companions, turned out to be good candidates for SNIa pro¬ 
genitors. Because of gravitational wave radiation, the orbit will 
shrink further and mass transfer from the sdB onto the WD will 
start once the sdB fills its Roche lobe. The Chandrasekhar limit 
might be reached either trough He accretion on the WD (e.g. 
Yoon & Langer 2004 and refere nces therein) or a subsequent 
merger of the sdB+WD system (iTutukov & YungelsonI 119811: 
IWebbinklll984l) . Two sdBs with massive WD companions have 
been identified to be good candidates for being SN la progeni¬ 
tors. KPD 1930+2752 has a total mass of 1.47 Mq exceeding the 
Chand rasekhar limit and w i ll merge within a bout 200 million 
years (iMaxted et all l2000at iGeier et alJ l2007h . CD-30° 11223 
has the shortest known orbital period of all sdB binaries (Porb = 
0.048979 days) and is a good candidate to e xplode as an under- 
luminous helium d ouble-detonation SNIa (IVennes et al.ll201^ 
iGeier et ^l2013bh . The explosion of the massive WD compan¬ 
ion in the eclipsing sdO+WD system HD 49798 on the other 


Neutron star (NS) or even bla ck hole (BH) companions 
are predicted by theory as well dPodsiadlowski et ^ 120021 : 
iPfahl et ^120031) . In this scenario two phases of unstable mass 
transfer are neede d and the NS or the BH is fo rmed in a su¬ 
pernova explosion. lYungelson & TutukovI (l2005h predicted that 
about 0.8% of the short-period sdBs shou l d have NS compan¬ 
ions. In an independent study, iNeleman^ (1201 Oh showed that 
about 1% of these systems should have NS companions whereas 
about 0.1% should have BH companions. 

However, no NS/BH companion to an sdB has yet been de¬ 
tected unambiguously whe reas a few candidates have been iden¬ 
tified (IGeier et al.l 1201 Obh . Follow-up obs ervations have been 
conducted with radio and X-ray telescopes. ICoenen et al.l (1201 Ih 
did not detect any radio signals of a puls ar compani o n at th e 
positions of four candidate sy stems from IGeier et al.l (1201 Obi) . 
iMereghetti et alJ (1201 ll 12014h searched for X-rays powered by 
wind accretion onto compact companions to sdBs using the 
Swift and XMM satellites, but did not detect any of those tar¬ 
gets. 

NS+WD systems hay e been discoyered amongst pul¬ 
sars. iFerdman et al.l (1201 Oh showed that the peculiar system 
PSRJ1802-2124 contains a millisecond pulsar and a low-mass 
C/O WD. This syste m may haye eyolyed from an sdB+NS sys¬ 
tem. Most recently, iKaplan et al.l (12013h discoyered the close 
companion to the pulsar PSR J1816+4510 to be a He-WD pro¬ 
genitor with atmospheric parameters close to an sdB star (Teff = 
16 000K,logg = 4.9). 

Many studies haye been performed to identify short-period 
sdB binaries with periods from a few hours to more than ten 
days. Up to now, 142 short-period sdB binaries haye measured 
radial yelocity curyes and mass functions with a peak in the pe¬ 
riod distribution between 0.5 to 1.0 days (e.g. Morales-Rueda et 
al. 2003; Geier et al. 2011; Copperwheat et al. 2011). In most 
cases it is hard to constrain the nature of the companion as most 
sdB binaries are single-lined systems. From the radial-yelocity 
(RV) curye only lower mass limits can be deriyed. Most of the 
companions are either dMs or WDs. Only in a few examples 
could strong constraints be put on the nature of the companion. 

SdBs with main sequence companions are potential pro¬ 
genitors of detached WD+dM binaries, which possibly further 
eyolye to become cataclysmic yariables (CVs). Hence, there 
should be correlations between those two types of systems, 
eyen though a compact WD+dM system can be formed di¬ 
rectly and does not necessarily eyolye from an sdB+dM bi¬ 
nary. Recent studies haye increased the number of known 
WD +dMs significantly and populatio n studies haye been carried 
out (iNebot Gomez-Moran et al.ll201 ll and references therein). 


In addition to the short-period sdB binaries, long period 
sdBs formed yia stable Roc he lobe oyerflow haye been postu¬ 
lated dHan et al.ll2002il2003l) . Between one third and half of sdB 
stars are found to show spectroscopic signature of a main se- 
quence type F/G/K com panion and associated infrared excess 
dReed & Stieningll2004l) . Because of their long periods, these 
systems show only small radial yelocity yariations and radial ye¬ 
locity curyes haye not been measured for years. Just recently the 
first systems with orb i ts of seyeral hundreds days were discoy- 


__ tys _ 

ered dPeca et al.l2O12l:l0stensen & Van Winckell2012tlVos et al.l 


1201 2i 20131) . Eyentually. these systems will eyolye to become 
WD+main sequence binaries with periods of hundreds of days 
and might experience another phase of mass transfer, when the 
main sequence companion turns into a red giant. 
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Table 2. Summary of the follow-up observations in the course of the MUCHFUSS project. 


Date 

Telescope & Instrument 

Resolution [4/Ad] 

Coverage [A] 

Observer 

2009-May-27 - 2009-May-31 

CAHA-3.5m-HTWIN 

4000 

3460-5630 

S.M.“ 

2009-NOV-08 - 2009-NOV-12 

ESO-NTT-HEFOSC2 

2200 

4450-5110 

T. K. 

2010-Feb-12-2010-Feb-15 

S OAR -(-Goodman 

7000 

3500-6160 

B. B. 

2010-Aug-02 - 2010-Aug-03 

SOAR-(-Goodman 

7000 

3500-6160 

B. B. 

February - July 2011 

Gemini-North-i-GMOS-N 

1200 

3610-5000 

Service 

February - July 2011 

Gemini-South-i-GMOS-S 

1200 

3610-5000 

Service 

2011 -Nov-15 - 2011 -Nov-19 

CAHA-3.5m-HTWIN 

4000 

3460-5630 

S. G., P. B.^ 

February - July 2012 

Gemini-North-i-GMOS-N 

1200 

3610-5000 

Service 

February - July 2012 

Gemini-South-i-GMOS-S 

1200 

3610-5000 

Service 

2012-May-25 - 2012-May-27 

CAHA-3.5m-HTWIN 

4000 

3460-5630 

C. H. 

2012-Jul-09-2012-Jul-12 

ING-WHT-hISIS 

4000 

3440 - 5270 

V. s. 

2012-Oct-21 - 2012-Oct-24 

SOAR-i-Goodman 

7000 

3500-6160 

B. B. 

2012-Dec-14-2012-Dec-18 

ING-WHT-hISIS 

4000 

3440 - 5270 

T. K., A. E.^* 

2013-Jun-02- 2012-Jun-05 

ING-WHT-hISIS 

4000 

3440 - 5270 

C. H. 

2013-Aug-ll-2013-Aug-13 

ING-WHT-hISIS 

4000 

3440 - 5270 

T. K., M. S." 

2014-Feb-01 - 2014-Feb-05 

ESO-NTT-HEEOSC2 

2200 

4450-5110 

S. G., E. N.^ 


Notes. “ see notes in the acknowledgements 


Table 3. Derived orbital parameters. 


Object 

To 

[-2450000] 

P 

[d] 

7 

[kms^'j 

K 

[km s“*] 

^norm 

[kms^*] 

logPfalsc[10%] 

log Pfal.se [1%] 

J08300-H47515 

6279.6067 ± 0.0004 

0.14780 + 0.00007 

49.9 + 0.9 

77.0 + 1.7 

4.0 

< -4.0 

< -4.0 

J08233-H11364 

6278.5729 ± 0.0007 

0.20707 + 0.00002 

135.1+2.0 

169.4 + 2.5 

7.0 

< -4.0 

< -4.0 

J10215+30101 

6277.819 + 0.003 

0.2966 + 0.0001 

-28.4 + 4.8 

114.5 + 5.2 

6.4 

-1.9 

-1.9 

J09510+03475 

6693.666 ± 0.003 

0.4159 + 0.0007 

111.1+2.5 

84.4 + 4.2 

2.8 

-2.0 

-0.8 

J15222-01301 

6516.632 + 0.005 

0.67162 + 0.00003 

-79.5 + 2.7 

80.1+3.5 

- 

-1.2 

-1.2 

J15082-49405 

6518.395 +0.02 

0.967164 + 0.000009 

-60.0 + 10.7 

93.6 + 5.8 

6.0 

-0.9 

-0.9 

J11324-06365 

4583.06 + 0.01 

1.06 + 0.02 

8.3+ 2.2 

41.1+4.0 

8.6 

-1.1 

-0.2 

JO1185-00254 

5882.000 + 0.008 

1.30 + 0.02 

37.7+1.8 

54.8 + 2.9 

6.9 

< -4.0 

-0.4 

J13463+28172 

6517.99 + 0.01 

1.96 + 0.03 

1.2+ 1.2 

85.6 + 3.4 

- 

-0.4 

-0.3 

J18324-63091 

6119.58+0.03 

5.4+ 0.2 

-32.5 + 2.1 

62.1+3.3 

2.7 

-0.9 

-0.1 

J09523+62581 

5210.23 +0.08 

6.98 + 0.04 

-35.4 + 3.6 

62.5 + 3.4 

7.8 

-0.7 

-0.6 

J03213+05384 

6280.17 +0.05 

7.4327 + 0.0004 

-16.7 + 2.1 

39.7 + 2.8 

4.7 

-1.8 

-1.8 


PG 1253-1-284, the first triple system containing an sdB with 
a close comp anion and a wide m ain sequence companion was 
discovered bv iHeber et al.l(l2002h . This system shows an infrared 
excess caused by the wide component. However, the wide com¬ 
ponent is not involved in the formation of the sdB. The unseen 
close companion expelled the envelope of the sdB progenitor. 

Here we present orbital solutions for 12 new sdB binaries 
discovered in the course of the MUCHFUSS project. Sect. 2 de¬ 
scribes the status of the MUCHFUSS project. Sect. 3 gives an 
overview of the observations and the data reduction. The derived 
orbital parameters, as well as the atmospheric parameters of the 
sdBs, are described in Sec. 4 and 5. In Sec. 6, we determine the 
minimum masses and put constraints on the nature of the unseen 
companions when no light variations were detected by searching 
for an infrared excess in a two-colour diagram. In addition, in 
Sec. 7 we study the full population of sdBs in close binaries, dis¬ 
cuss the period distributions, the companion mass distributions, 
as well as selection effects of the whole sample of sdB bina¬ 
ries with derived mass function. Sect. 8 compares the full sample 
with the samples of known ELM-WD binaries and WD-rdM bi¬ 


naries to gain insight in the formation history of hot subdwarfs. 
Summary and conclusions are given in Sec. 9. 

2. The MUCHFUSS project 

The project Massive Unseen Companions to Hot Faint Under- 
luminous Stars from SDSS (MUCHFUSS) aims at finding hot 
subdwarf stars with massive compact companions like massive 
white dwarfs (M > 1.0 Mq), neutron stars or stellar-mass black 
holes. Hot subdwarf stars were selected from the Sloan Digital 
Sky Survey by colour and visual inspection of the spectra. Ob¬ 
jects with high radial velocity variations were selected as can¬ 
didates for follow-up spectroscopy to derive the radial velocity 
cur ve and the mass function of the system. 0 

iGeier et ^ (1201 laL 12012bh discuss the target selection and 
the follow-up strategy. A detailed analysis of seven sdB bi- 
naries discovered i n the course of this project is presented in 
iGeier et ^ (1201 Ibh . In addition, three eclipsing systems were 

’ Hot subdwarfs with a large but c onstant radial velo city were studied 
in the Hyper-MUCHFUSS project dTillich et al.ll201 ih . 
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J0830+4751 


J0823+1136 
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phase 
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phase 



0 0,5 1 1.5 2 

phase 


Fig. 1. Radial velocity plotted against orbital phase. The RV data were phase folded with the most likely orbital periods and are plotted twice 
for better visualisation. The residuals are plotted below. The RVs were measured from spectra obtained with SDSS (squares), CAHA3.5m/TWIN 
(upward triangles), WHT/ISIS (diamonds), Gemini/GMOS (triangles turned to the right), ESO-NTT/EFOSC2 (circles), and SOAR/Goodman 
(pentagons). 


detected, two of which host brown-dwarf companions. These 
are the first confirmed brown-dwarf companio ns to sdB stars 
dGeier et al.l l201 Idt ISchaffenroth et al.l l2()14bh . One sdB-tdM 
system con tains a hybrid pulsato r and shows a strong reflec¬ 
tion effect (lOstensen et al.ll^l3h . Results from a photometric 
follow-up campaign of the MUCHFUSS targets will be de¬ 
scribed in detail in Schaffenroth et al. (in prep). During dedicated 
spectroscopic MUCHFUSS follow-up runs with unfavourable 
weather conditions , brigh t sdB binary candidates were observed 
(iGeier et al.ll2013b[ l2014t) . A full catalogue of all RV measure¬ 
ments is in preparation as well (Geier et al. in prep). 

3. Observations and data reduction 

Follow-up medium resolution spectroscopy of 12 sdB binaries 
(see Table [1] for an overview) was obtained using different in¬ 
struments including the CAHA-3.5m telescope with the TWIN 
spectrograph, the ESO-NTT telescope with the EFOSC2 spec¬ 
trograph, the SOAR telescope with the Goodman spectrograph, 
the Gemini-North/South telescopes with the GMOS-N/S spec¬ 
trographs and the William Herschel telescope (WHT) with the 
ISIS spectrograph. Table |2] gives an overview of all follow-up 
runs and the instrumental set-ups. 

All spectra were corrected with an average bias frame con¬ 
structed from several individual bias frames as well as an aver¬ 
age flat field constructed from several flat field lamps. Reduction 


was done either with the MIDA^ IRAlj^or PAMEL/0 and MOLLY'* 
packages. 

4. Orbital parameters 

The radial velocities (RVs) were measured by fitting a set of 
mathematical functions matching the individual line shapes to 
the hydrogen Balmer lines as well as helium lines if present 
using the EITSB2 routine (iNaniwotzki et al.l r2004bl) . Polyno¬ 
mials were used to match the continua and a combination of 
Lorentzian and Gaussian functions to match cores and wings of 
the lines. 

The orbital parameter (orbital phase period P, sys¬ 
tem velocity y, and RV-semiamplitude K), as well as their un- 

^ The ESO-MIDAS system provides general tools for data reduction 
with emphasis on astronomical applications including imaging and spe¬ 
cial reduction packages for ESO instrumentation at La Silla and the 
VLT at Paranal 

^ IRAF is distributed by the National Optical Astronomy Observato¬ 
ries, which are operated by the Association of Universities for Research 
in Astronomy, Inc., under cooperative agreement with the National Sci¬ 
ence Foundation 

http://www2.warwick.ac.uk/fac/sci/physics/research/astro/people 

/marsh/software 

^ Tq corresponds to the minimum distance of the sdB star from our 
Solar System 
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Fig. 2. Radial velocity plotted against orbital phase (see Fig[T}. 


certainties and associated false-alarm prob abilities ( PfaiseT 1 %1, 
Pfakp[ l0%1) are determined as described in iGeier et alJ (l201 Ibl 
l2014l) . To calculate the significance of the orbital solutions and 


to estimate contribution of systematic effects to the error budget, 
we modified the of the best solution by adding systematic er¬ 
rors Cnorm in quadrature until the reduced reached ~ 1.0. The 
phased RV curves for the best solutions are given in Fig. [T] and 
|2] the;^^^-values plotted against orbital period in Fig. [3] The min¬ 
imum in;^^^ corresponds to the most likely solution. The adopted 
systematic errors and false-alarm probabilities are given in Ta¬ 
ble |3] The probabilities that the adopted orbital periods are cor¬ 
rect to within 10% range from 80% to > 99.99%. 


5. Atmospheric parameters 

Atmospheric parameters have been determined by fitting appro¬ 
priate model spectra to the hydroge n Baim er and helium lines 
in the way described in iGeier et ^ (l2007h . For the hydrogen- 
rich and helium-poor (logy = log(«(He)/n(H)) < -1.0) sdBs 
with effective temperatures below 30 000 K, a grid of metal 
line blanketed LTE atm ospheres with solar metallicity was 
used dHeber et al.l l2000ll . Helium-poor sdBs and sdOBs with 
temperatures ranging from 30 000 K to 40 000 K were anal- 
vsed using LTE models with enhanced metal line blanketing 
ilo’Toole & Heberj|2006l) . Metal-free N LTE models were used 
for the hydrogen-rich sdO J1132-0636 (IStroeer et al.ll200'^ . 

Each spectrum was velocity corrected according to the or¬ 
bital solution and co-added for the atmospheric fit. To account 


for systematic shifts introduced by the different instruments, at¬ 
mospheric parameters for each star were derived separately from 
spectra taken with each instrument. Weighted means were calcu¬ 
lated and adopted as the final solutions (see Table lA.il . 


6. The nature of the unseen companion 


All our objects appear to be single-lined. Therefore, only the bi¬ 
nary mass function can be calculated: 


^c^mp sin^ i _ PK^ 
(4/comp 4/sdB)^ 2,7tG 


( 1 ) 


Erom spectroscopy the orbital period P and the RV semi¬ 
amplitude K can be derived. Hence, the mass of the sdB (MsdB) 
and the companion (Mcomp) as well as the inclination angle 
i remain free parameters. Assuming a canonical mass for the 
sdB MsdB = 0.47 Mq (see Eontaine et al. 2012 and references 
therein) and an inclination angle i < 90°, a minimum mass for 
the companion can be determined. If the derived minimum com¬ 
panion mass is higher than the Chandrasekhar limit, the NS/BH 
nature of the companion is proven without further constraints 
under the assumption that the sdB does not have a mass signifi¬ 
cantly lower than the canonical mass. 

All spectra were checked for contamination by a cool stel¬ 
lar companion. Typically, the Mg i triplet around 5170 A and the 
Can triplet around 8650 A are the best indicators. None of our 
programme stars show obvious signs of a companion in the spec¬ 
trum. 
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J0830+4751 


J0823+1136 


J1021+3010 


0.1 0,2 
orbital period [d] 




0.2 0.4 0.6 

orbital period [d] 



orbitol period [d] 

J1 132-0636 




orbitol period [d] 

J0118-0025 




orbital period [d] 
J0952+6258 



orbitol period [d] 
J1346+2817 


1.5 2 

orbital period [d] 

J0321+0538 




orbital period [d] 


orbital period [d] 


Fig. 3. plotted against orbital period. The lowest peak corresponds to the most likely solution. 
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Fig. 4. Two-colour plots of V-J vs. J-H for all systems in our sam¬ 
ple with 2MASS/UKIDSS colours, V magnitudes and low reddening 
(E(B-V)<0.1; light grey circles: WD companion, grey circles: dM com¬ 
panion, dark grey circles: unknown companion type). Most of the sys¬ 
tems show no excess from a companion. The systems showing an in¬ 
frared excess which indicates a cool companion are named. For compar¬ 
ison, 4 sdB binaries with confirmed G/K-t ype companions (light grey 
triangles) are shown jVos et alj2012l . l2bl3l) . All colours were corrected 
for reddening. 

Table 4. Derived minimum masses and most probable nature of the 
companions. 


Object 

f(M) 

[Mo] 

M2min 

[Mol 

Companion 

J08300H-47515 

0.007 

0.14 

WD'" 

J08233H-11364 

0.104 

0.44 

MSAVD 

J09510H-03475 

0.025 

0.23 

MSAVD 

J15222-01301 

0.036 

0.27 

MSAVD 

J10215H-30101 

0.046 

0.30 

MSAVD 

J15082-49405 

0.08 

0.39 

MSAVD 

J11324-06365 

0.008 

0.14 

MSAVD 

JO1185-00254 

0.022 

0.22 

MSAVD 

J13463 h-28 172 

0.13 

0.49 

WD 

J18324-63091 

0.13 

0.50 

MSAVD 

J09523H-62581 

0.18 

0.58 

WD 

J03213H-05384 

0.048 

0.31 

MSAVD 


Notes. Ic: companion type derived from the lightcurve 


A cool companion of spectral type ~ Ml-M2 or earlier is 
detectable from an infrared excess even if the spectra in the opti¬ 
cal range ar e not contaminated wi th spectral lines from the cool 
companion. IStark & Wadd (l2Q03h showed that two-colour dia¬ 
grams can be used to detect unresolved late-type stellar com¬ 
panions using optical colou rs (B and V) in combin ation with 
2MASS colours (7 and Ks). iReed & Stienind (l2004h convolved 
Kurucz models with appropriate 2MASS (7, H and K^) and B- 
hlters and showed that companions of spectral type M2 and ear- 
lier would b e separated fr om single sdBs in two-colour diagrams. 
iGreen etaH (l2006i l2(j08l) created two-colour plots from V band 
and 2MASS photometry (7 and N) of single-lined and composite 
sdB spectra that showed a clear separation between the compos¬ 


Fig. 5. Average SDSS spectrum of J09510-1-03475 showing evidence for 
weak absorption lines (two strongest components) of the infrared Ca ii 
triplet originating very likely from a wide third component. 

ites and the single-lined spectra. Hence, the presence of a cool 
companion can be inferred by its infrared excess. 

We inspected each system with 2MASS/UKIDSS0 (7 and 
N) and V band colour information for an infrared excess to put 
tighter constraints on the nature of the companions. Figure 0] 
shows the two-colour diagram of the whole sample for systems 
with colour information and small reddening (E(B - V) < 0.1). 
All colours were c orrected for Galactic reddenin g using Table 6 
with By = 3.1 from ISchlaflv & FinkbeineJ (1201 ll) . However, if a 
system does not show an excess in the infrared a cool compan¬ 
ion can be excluded only when the minimum companion mass 
derived from the RV-curve is higher than the mass of a stellar 
companion which would cause an excess. To calculate the mass 
of the companion needed to cause an excess we used the follow¬ 
ing approach. 

First, we calculated the distance to each system using the 
reddening-corrected V magni tude, effective temperatu re and sur¬ 
face gravity as described in iRamsneck et al.l (1200 ll) . The next 
step is to calculate the apparent magnitude in the 7 band for dif¬ 
ferent subclasses of dMs using the distance modulus 

m - 5 logio(^/) - 5 + M, (2) 

where d is the distance in parsec and M the absolute magnitud e 
of the dM taken from Table 5 in iKraus & Hillenbrandl i ^OTh . 
The calculated apparent magnitudes for each subclass in the 7 
band can be compared to the measured 7 magnitudes of each in¬ 
dividual system. Our assumption is that a cool companion would 
show up in the 7 band if the calculated magnitude is 3 sigma 
above the measured 7 magnitude. The calculated magnitude 
which would be visible in the 7 band can b e converted to the cor¬ 
respon ding mass of the dM from Table 5 in iKraus & Hillenbrandl 
(l2007h using linear interpolation. If the derived mass is lower 
than the minimum companion mass derived from the RV-curve, 
a cool companion can be excluded because it would cause an 
excess in the infrared. In these systems a compact companion is 
most likely. If an excess is detected a cool companion is likely. 

If time resolved photometry for the short-period sdB bina¬ 
ries is available, further constraints can be put even if the com¬ 
panion mass is inconclusive. The hemisphere of a cool low-mass 

^ for 2MASS; only colours flagged with quality A were used 
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Fig. 6. The RV semi-amplitudes of all known short-period sdB bina¬ 
ries with spectroscopic solutions plotted against their orbital periods 
(light grey: WD companions, grey: dM companion, dark grey: unknown 
companion type). The binaries from the MUCHFUSS programme are 
marked with triangles, binaries taken from the literature with circles. 
The lines mark the regions to the right where the minimum companion 
masses derived from the binary mass function (assuming 0.47 Mq for 
the sdBs) exceed certain values. 


main sequence companion facing the sdB is heated up by the 
significantly hotter sdB star. This causes a sinusoidal variation in 
the light curve. More(less) flux is emitted if the irradiated hemi¬ 
sphere of the cool companion is faced towards(away) from the 
observer. If this so-called reflection effect is detected, a compact 
companion can be excluded and a cool companion either a low- 
mass main sequence star of spectral type M or a brown dwarf 
is most likely. However, if the light curve of the short-period 
system shows no variation, a compact object like a WD is most 
likely to be the companion. Table |4] gives an overview on the 
most likely companions of our sample. 

6 . 1. WD companions 

J09523H-62581 and J13463H-28172 have minimum companion 
masses obtained from the radial velocity curve higher than dM 
masses which would cause an infrared excess. No sign of a com¬ 
panion is visible in the spectrum nor in the two-colour diagram. 
Therefore, the companion in both systems is most likely a WD. 

6.2. J08300+47515 - a system with a possibie ELM-WD 
companion 

J08300H-47515 is a remarkable system. The minimum compan¬ 
ion mass is only 0.14 Mq. Therefore, the nature of the companion 
cannot be constrained unambiguously from spectroscopy. The 
period of the system is 0.14780+0.00007 days. This means that a 
cool main sequence companion would show a reflection effect in 
the light curve. However, a 2.14 h light curve of J08300+47515 
obtained with the CAHA-2.2m telescope using BUSCA shows 
no light variation with a standard deviation of 0.0063 on the nor¬ 
malised lightcurve (see Schaffenroth et. al in prep). The compan¬ 
ion might therefore be an ELM-WD. However, the inclination of 
the system cannot be constrained and it is still possible that the 
system is seen under low inclination. The maximum mass for 
an ELM-WD is ~ 0.3 Mq. If the sdB has the canonical mass of 


~ 0.47 Mq and J08300+47515 is seen under an inclination angle 
of i < 32.4° the companion will be more massive than ~ 0.3 M© 
and not be a new ELM-WD companion. The probability of find¬ 
ing a system with i < 32.4° is ~ 15 %. 

6.3. J11324-06365 - the first heiium deficient sdO with a 
dose companion 

IStroeer et al.l (l2007h studied the evolutionary status of 58 sub¬ 
dwarf O stars (sdOs) and concluded that the helium deficient 
sdOs are l i kely t o be evolved sdBs. Indeed , evolution tracks by 
iHan et all (l2002l) and iDorman et alJ (Il993h show that sdBs will 
become helium deficient sdOs as they evolve to higher temper¬ 
atures. Since a significant fraction of short-period sdBs is found 
in compact binaries, helium deficient sdOs should have a simi¬ 
lar binary fraction. Although close compa nions to some helium 
deficient, evolved sdO Bs have been found (lAlmeida et alJl2()T^ 
iKlepp & Rauchll201 Ih . J1132-0636 is the first helium deficient 
highly evolved sdO with a confirmed close companion. The min¬ 
imum companion mass derived from the RV-curve is well below 
the mass which would cause an infrared excess if the compan¬ 
ion were a dM. Therefore, the nature of the unseen companion 
remains unclear. 

6.4. J09510+03475 - a hierarchicai tripie 

J09510+03475 shows an excess in the J and H bands indicat¬ 
ing a cool companion (see Eig. HJi. In addition, a combination 
of 7 SDSS spectra from DR9 shows the two strongest com¬ 
ponents of the Can triplet at around 8600A (Eig. IS. Radial 
velocity measurements of the hydrogen lines confirm that 4 
SDSS spectra were taken when the sdB moved through the min¬ 
imum of the radial velocity curve. This means that a close com¬ 
panion should be observed in anti-phase around its maximum 
velocity which is expected to be ~ 250 km s ' depending on 
the mass ratio but certainly higher than the system velocity of 
j - 111.1 + 2.5kms^'. Using the same 4 SDSS spectra, an av¬ 
erage velocity of vca = 86 + 16 km s“' for the calcium lines was 
measured which is just slightly below the system velocity ruling 
out a close companion. Therefore, the lines originate most likely 
from a third body in a wide orbit with a low RV amplitude. This 
makes this sys tem the second can didate for a triple system after 
PG 1253+284 (iHeber et al.lliOO^ which is an sdB star with one 
companion in a close orbit and another low-mass main sequence 
star in a wide orbit which causes the excess in the infrared and 
the Can lines. However, the nature of the close companion re¬ 
mains unclear. 

6.5. Unconstrained companions 

J18324-63091, J15222-01301, JOl185-00254 and 

J03213+05384 have minimum companion masses derived 
from the RV-curve well below the mass which would cause 
an infrared excess. J10215+30101, J15082+49405 and 
J08233+11364 have no reliable infrared colours. Therefore, the 
nature of the unseen companion in those seven systems remains 
ambiguous. 

6.6. The MUCHFUSS sampie 

Eig. |6] shows the RV semi-amplitudes of all known short-period 
sdB binaries with orbital solutions plotted against their orbital 
periods. The dotted, dashed and solid lines mark the regions to 
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log(Porb [d]) 


Fig. 7. Period histogram of the full sample. Light grey: WD compan¬ 
ions, grey: dM companion, dark grey: unknown companion type. 


the right where the minimum companion masses derived from 
the binary mass function (assuming 0.47 Mq for the sdBs) ex¬ 
ceed 0.08 Mo, 0.45 Mo and 1.40Mo. 

The MUCHFUSS targets are marked with triangles. Most 
of the MUCHFUSS targets fall in the region with the highest 
minimum companion masses detected. However, the MUCH¬ 
FUSS campaign discovered not only companions with the high¬ 
est m asses, but also de t ected the lowest-mass co mpanions to 
sdBs (iGeier et al.ll201 ldl : ISchaffenroth et al.ll2014bh . This shows 
that our target selection is efficient to find both the most massive 
companions known to sdB stars with periods of up to a few days 
and the least massive companions with short orbital periods of 
less then 3 hours. However, no NS or BH companion has been 
discovered yet. 

7. The population of close hot subdwarf binaries 

This study extends to 142, the sample of short-period sdB bina¬ 
ries that have measured mass functions. An overview is given in 
Tables|A2] and lA.3l 

In the following sections a canonical sdB mass of 0.47 Mq 
will be adopted. All systems have unseen companions, but 
masses could only be determined for the eclipsing ones. Hence 
only a minimum companion mass could be derived for most of 
them. Many systems were pre-selected either from high RV vari¬ 
ations between several single exposures or from light variations 
such as reflection effects, ellipsoidal variations and/or eclipses. 
Consequently, the distribution is by no means random but bi¬ 
ased towards high inclination, both for RV variables (large am¬ 
plitudes preferred) and light variables (reflection effect and/or 
eclipses detected). Therefore, statistically, the derived minimum 
companion masses are expected to be not far from the real com¬ 
panion mass. 

We collected orbital and atmospheric parameters as well as 
V-band and infrared photometry for the full sample from the lit¬ 
erature (see Table lA.3l l. Companion types for 82 systems were 
identified as described in Sec.|6l Thirty low-mass stellar or sub- 
stellar companions were identified from a reflection effect in the 
lightcurve. Twenty-three systems show either ellipsoidal varia¬ 
tion, eclipses with no additional reflection effect or no light vari¬ 
ations at all. For these systems a WD companion is most likely. 
Additionally, 29 systems could be confirmed as WD compan¬ 
ions because the minimum companion mass is higher than the 



Minimum companion mass [M0] 

Fig. 8. Histogram of minimum companion masses (light grey: WD com¬ 
panions, grey: dM companion, dark grey: unknown companion type). 
Clearly visible are at least two separated populations. The flrst popu¬ 
lation peaks at around 0.1 Mq and consists mainly of low mass main 
sequence companions. The second population peaks at around 0.4 Mq 
and consists mainly of WD companions. The two high mass outliers 
belong to a population of massive WD companions. 

mass for a non-degenerate companion which would cause an in¬ 
frared excess. None of those show an excess in the J and H band 
(Fig.lH). Therefore, the companions are most likely WDs as well. 

Four systems show an excess in the infrared and are good 
candidates for having a cool companion (see Fig.|4|. Indeed, 
HE 0230-4323 shows a reflection effect and a low-mass stellar 
companion is confirmed. 

Some systems may actually be triple as exemplified by 
PG1253-I-284, a radial velocity variable sdB with a dwarf com¬ 
panion which causes a strong inf rared excess . The components 
were resolved by HST imaging (iHeber et al.ll2002l) . which in¬ 
dicated that the dwarf companion is on a wide orbit. Neverthe¬ 
less, RV variations of the sdB star were observed, which must 
stem from another unresolved companion on a short-period or¬ 
bit. Hence PG1253H-284 is a triple system. Additional evidence 
of multiplicity (triples, quadruples) amongst sdB systems has re¬ 
cently been reported bv lBarlow et alJ (l2014l) . Hence it is worth¬ 
while to search for triples amongst the four systems showing in¬ 
frared excess. In fact, there is one, J09510H-03475, which shows 
signs that the system actually may be triple (see Sec. 16.41 for a 
detailed discussion), while for HE 0230-4323 and PB5333 there 
is no hint for a third companion. 

In the following we shall discuss the distribution of periods 
and companion masses, compare the stars’ positions in the Tefr 
- logg plane to predictions from stellar evolution models, and 
discuss selection bias. 

7.1. Distribution of orbitai periods and minimum companion 
masses 

Eig.|7]shows the period distribution of the full sample. 

A wide peak near Fotb = 0.3 days is found in the full sam¬ 
ple. The majority of systems in this group are dM companions 
detected from reflection effects in the lightcurves. Beyond half 
a day the contribution from the confirmed dM companions de¬ 
creases significantly, most likely because a reflection effect is 
much weaker and not easy to detect. Another peak can be found 
at around 0.8 - 0.9 days. Most of the systems here have uniden- 
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Teff [1000 K] 


Fig. 9. Teff - logg diagram of the full sample of binary sdB stars 
(light grey: WD companions, grey: M-dwarf companion, dark grey: un¬ 
known companion type). The size of the symbols corresponds to the 
minimum companion mass. The helium main sequence (HeMS) and 
the zero- age EHB (ZAEH B) are superimposed with EHB evolutionary 
tracks bv iHan et al.l ll2002h (dashed lines: m^nv = 0.000 Mq, dotted lines: 
™env = 0.001 Mq, dashed-dotted lines: = 0.005 Mq using 0.45 Mq 

models). 


tified companion type. At longer periods the number of systems 
goes down, but in this region the selection effects are stronger. 

Many of the WD companions were confirmed not only by 
the systems’ lightcurves but also by the non-detection of an ex¬ 
cess in the infrared (see Sec. lU which is period independent. 
Therefore, in contrast to the dM companions, we find WD com¬ 
panions almost over the full period range. However, a gap near 
3 days appears. We have no explanation for this but at the same 
time, with the present statistics, we cannot be sure that this gap 
is real. 

The distribution of the minimum masses of the companions 
is displayed in Fig.|8] We identify three separate populations. 

1) The first population has an average minimum companion 
mass around 0.1 Mq, close to the hydrogen burning limit. Most 
of them were identified as either dMs or brown dwarfs from the 
observation of their reflection effect. Only four WDs were found 
in this period regime, which could be ELM- WDs (M<0.3 Mq, 
see Sect. lO i. 

2) The second population peaks around 0.4 Mq. Our analysis 
showed that the majority of this population are most likely WDs 
with an average minimum mass around 0.4 Mq, lower than the 
average mass of single WDs (see discussion in Sec. l9.21 i. 

3) The third group are the high mass WD companions 
(Mwd > 0.7 Mq). Systems with high companion masses stand 
out in radial velocity selected samples as they show higher RV 
variations compared to low-mass companions. However, only 
the eclipsing systems KPD1930H-2752 and CPD-30°11223 have 
confirmed companion masses above 0.7 M©. This means that in 
our sample less than 2% of the binaries with measured RV curves 
have such high mass WD companions. 


7.2. Teff - log g diagram 

Fig. |9] shows the - log g diagram of the full sample with 
accurate atmospheric parameters. The size of the symbols repre¬ 
sent the companion mass. Most of the stars populate the extreme 
horizontal branch (EHB) band all the way down to the helium 
main sequence while about 10% of the sdB sample has already 




Teff [1000 K] 


Fig. 10. Teff - log g diagram of sdB stars with confirmed M-dwarf com¬ 
panions. The size of the symbols corresponds to the minimum compan¬ 
ion mass. The helium main sequence (HeMS) and the zero -age EHB 
(ZAEH B) are superimposed with EHB evolutionary tracks bv iHan et all 
l l2002li using 0.45 Mq (upper panel) and 0.50 Mq (lower panel) models). 
The space between black symbols corresponds to equal times and shows 
that the sdB evolution speeds up once the sdB reaches its lowest gravity. 
Circles mark the region where the sdB star contains helium in the center 
of the core whereas triangles mark the region where the helium in the 
center of the core is completely burned. 


evolved off the EHB. The total evolution time on the EHB is 
lOOMyr, whereas post-EHB evolutionary timescales are lower 
by a factor of about 10. The theoretical tracks show a linear 
time-luminosity-relation while the star is in the EHB strip until 
it comes close to the terminal age EHB (TAEHB), where evolu¬ 
tion starts to speed up. Hence, we would expect a homogeneous 
coverage of the EHB band as it is indeed observed. A more de¬ 
tailed compa rison can be made using the cumulative luminosity 
function (see lLisker et al.ll2005L for details). 

In the next step we concentrate on the systems for which the 
companions have been classified and separate the distribution ac¬ 
cording to companion type, that is dMs and WDs, respectively. 
For WD companions, the sdBs populate the full EHB band ho¬ 
mogeneously with a small fraction of sdBs having evolved off 
the EHB. For sdB stars with dM companions the ratio of post- 
EHB to EHB stars is similar to that for sdB-nWD systems. How¬ 
ever, they appear not to cover the full EHB band. There is a 
lack of hot, high gravity sdBs close to the helium main sequence 

(Fig.iini). 
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Fig. 11. Minimum companion masses plotted against the period of the 
systems (light grey: WD companions, grey: M-dwarf companion, dark 
grey: unknown companion type). 


Most striking is that the width of the distribution of the 
sdB+dM systems is narrower than that of sdB+WD ones, in par¬ 
ticular none of the sdB stars is found close to the zero age EHB 
(ZAEHB) if a sdB mass of 0.45 M© is assumed. Because of the 
contamination of the sdB spectrum by light from the compan¬ 
ion, their gravities could have been systematically overestimated 
and their effective temperatures could have been systematically 
underesti mated, which would shi ft the systems away from the 
ZAEHB dSchaffenroth et alJ2013h . which would shift them even 
further away from the ZAEHB. The location of the EHB band in 
the Tgff - log g diagram depends on the adopted core mass. By in¬ 
creasing it, the EHB stars become more luminous and therefore 
the EHB band is shifted to lower gravities. This is demonstrated 
in Eig. [To] by indicating the ZAEHB for a higher core mass of 
0.5 M© in addition to that of 0.45 M© shown in all panels. The 
observed distribution of sdB stars is consistent with the 0.5 M© 
ZAEHB, for which the EHB evolution timescales are shorter. 
Hence, adopting a higher core mass gives better agreement be¬ 
tween observations and evolutionary tracks. 


7 . 3 . Separation of the systems 

The details of the common enve lope (CE) phase are still poorly 
understood (llvanova et al.ll201^ . In a rather simplistic picture 
the orbital energy of the binary, which scales with the mass of 
the companion, is deposited in the envelope. If a more massive 
companion ejects the common envelope earlier, and therefore 
at a wider orbit than a less massive companion, a correlation 
between orbital period and minimum companion mass would 
the expected. Eigure[TT] shows the minimum companion masses 
plotted over the period of the systems; however, no obvious cor¬ 
relation can be seen in the sample with WD as well as dM com¬ 
panions (see Sec. l9.5l for further discussion). 

We also note that, even if the core masses of the sdB pro¬ 
genitors were very similar, their total masses (core + envelope) 
might have been quite different, implying different energies to 
expel the envelope and different final orbital separations. This 
may partially explain why we do not see any correlation between 
minimum companion mass and orbital period in Eig. [TT] 


7 . 4 . Selection effects 


In order to compare the observed sam ple of close binary sdBs 
to population synth esis models (e.g. iHan et al.l 12001 120051: 
IClausen et al.ll20O selection effects have to be taken into ac¬ 
count. E or the MUCHEUS S sample the target selection is well 
defined (iGeier et al.ll2011^ . However, since the 142 solved bi¬ 
naries studied here are drawn from several different samples, it 
is impossible to come up with an unified description of selection 
bias. 

All the sdBs studied here were initially discovered as faint 
blue stars from multi-band photometric survey data. However, 
spectral classification had to follow and the brighter limits of 
those spectroscopic observations have to be taken into account. 

In the brightness distribution (V-band, Eig. [T2 ]i of the 
whole sample, we can identify two sub-samples. One peaks 
around 14 mag and c onsists of binaries m ostly discovered in the 
Palomar Green (P G, iGreen et"^Il986t) . Ed inburgh Cape (EC, 
IStobie et'aDll99^ . Kitt Peak Downes (KPD. lDownesl[l98^ and 
some smaller scale surveys. The fainter subsample peaks around 


15 mag and was sele cted mostly from the Hambu rg/ESO (HE, 
Wisotzki et al.l 1199^ . the H amburg Schmidt (HS. [Hagen et al] 


1995h surveys and the SDSS dYork et al.ll2000h . 

Eor 127 binaries we calculated the z-distances from the 
Galactic plan^H assuming a canonical sdB mass of 0.47 M© 
(Fig . [T3]) and for 118 systems with sufficient data we calculated 
also the spectroscopic distances. 

Except for four distant stars (at 2 to 5 kpc above the Galac¬ 
tic plane) all stars lie within 2 kpc below or above the Galactic 
plane. Their distribution is asymmetric, with an excess of objects 
in the northern Galactic hemisphere. The deficit of near-Galactic 
plane stars, as well as those below the Galactic plane, is due to 
the insufficient depth of near-plane and southern surveys. The 
most distant systems are likely to be halo stars and may be con¬ 
siderably older than the bulk. A significant fraction belongs to 
the thick disc, which on average is older than the thin disc. Be¬ 
cause the age of the progenitor population is an important ingre¬ 
dient for binary population synthesis, it is crucial to assign each 
system to one of the stellar populations via an investigation of its 
kinematic and thus derive age estimates. 

The search for binarity of the targets has either been done 
by photometric or spectroscopic follow-up observations. Either 
the star shows light variations indicative of a close companion 
or the star RV shifts become apparent. Both discovery methods 
introduce different selection effects. 

Only 20 of the binaries in the sample have been discovered 
photometrically (see Table lA.3l l. Short-period sdB stars with 
cool dM or BD companions show a reflection effect and often 
also eclipses. 14 binaries with periods of less than 0.3 -0.4 d and 
a peak period of 0.1 d have been discovered in this way. Close 
sdB-i-WD binaries can show ellipsoidal variations and some¬ 
times very shallow eclipses. Of the six binaries discovered in 
this way, two have periods of less than 0.09 d and one has a pe¬ 
riod of 0.3 d. The remaining three long-period systems (> 3 d) 
have been discovered by the Kepler mission, which has a much 
higher sensitivity than ground-based telescopes. In general, pho¬ 
tometric selection is clearly biased towards the shortest-period 
systems at high inclinations. 

The remaining 122 systems have been discovered from RV 
shifts, most of them from medium-resolution spectra with an RV 


^ We included near-Galactic plane objects neglecting reddening cor¬ 
rections as reddening is of little influence for calculating their z- 
distance. 
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V [mag] Z-Distance [kpc] 


Fig. 12. Histogram of the magnitudes of the full sample. The systems 
selected from the SDSS surveys are marked in black and from the Ham- 
burg/ESO (HE), Hamburg Schmidt (HS) are marked in dark grey. The 
systems selected from the Palomar Green (PG), Edinburgh Cape (EC) 
and Kitt Peak Downes (KPD) surveys are marked in light grey. The 
systems selected from smaller scale surveys (e.g. Eeige...) are marked 
in white. 


accuracy of ~ K ) - 20kms * (e.g . Maxted et al.ll200l1) . The hi 


naries studied bv lEdelmann et al.^2005 ) and i n the course of the 
ESQ Supernova la Progenitor Survey (SPY Naniwotzki et alJ 
12001 at iKarl et aP l2006c iGeier et al.l 1201 Oat 1201 Ic ) have been 


discovered using high-resolution spectra with an RV accuracy 
better than 5 km s“'. 

To our knowledge, well-defined cuts of RV- shifts were 
only u sed in the MUCHEUSS target selection (see iGeier et ^ 
1201 lah . In general, short-period systems with high RV shifts and 
therefore high inclinations are the easiest ones to solve within a 
few nights of observations. This introduces a selection in favour 
of such systems. It is unlikely that a significant population of bi¬ 
naries with periods longer than one day and RV semi-amplitudes 
higher than 100 km s ' has been missed in the high-galactic lati¬ 
tude population of hot subdwarf stars covered by the SDSS. The 
missing population of close sdB binaries with periods from a 
few days to a few tens of days most likely consists of systems 
with small RV semiamplitudes and rather low-mass companions 
(< 0.5 Mo). 


8. Comparison with reiated binary popuiations 

8.1. The population of helium-core WD binaries 

The formation of helium-core WD binaries with masses < 
0.45 Mq is expected to occur in a similar way as the formation 
of sdB-i-WD binaries discussed in this paper. Both systems sur¬ 
vive two phases of mass transfer with the second phase where 
the helium-core WD/sdB is formed being a common envelope 
phase. The helium-core WDs start transferring mass already 
when the progenitor evolves on the red giant branch (RGB) and 
lose so much mass that they are not able to ignite helium in the 
core. The sdBs start mass transfer on or near the tip of the RGB 
and are massive enough to ignite helium. 

Orbital pa rameters of 55 helium -core WD binaries were 
selected from iGianninas et al.l (l2014h . All the companions are 
WDs. Eigure[T4|shows the minimum companion mass histogram 
of the sample compared to the sdB sample. ELM companions 
cover a wider range of masses, extending to low as well as high 


Fig. 13. Histogram of the spectroscopic z-distances above the Galactic 
plane. White are systems with a Galactic latitude \b\ < 30°. Grey marked 
are the systems with \b\ > 30°. 


masses and indicating a different evolutionary path. The distri¬ 
bution does not show a clear separate population with a peak at 
0.4 Mq like the confirmed WD companions to sdB stars. 

Figure[T5]shows the orbital period distribution of the helium- 
core WDs compared to our sample. Between an orbital period of 
0.1 and Todays both distributions look very similar. However, 
below 0.25 days helium-core WDs are more numerous com¬ 
pared to the sdB-i-WD systems. On the other hand at longer pe¬ 
riods sdB-i-WD systems are more numerous which indicates that 
helium-core WD binaries are formed preferentially with shorter 
periods. 


8.2. The population of compact WD-tdM systems 


Compact WD-i-dM binaries are also the product of CE evolution 
and so we might expect that the properties of these binaries are 
similar to the sdB-i-dM binaries. Indeed, some WD-i-dM systems 
may have been created as sdB stars with dM companions that 
have since evolved to become white dwarfs with masses close to 


0.47 Mq. 

Orbital parameters of 68 post-common envelope bina¬ 
ries c onsisting of a WD-ndM were selected from the liter- 
ature ( Zorotovicet^ 201_l^_|Nebot Gomez-Moran et al.l IToi ll : 
iPvrzas et al.ll2012 ; Parsons et al!l]2012l) . The systems cannot be 
compared in the same way as the ELM-WD binaries because all 
WD-i-dM systems have confirmed companion masses whereas, 
for sdB-i-dMs, only minimum companion masses are known. 
Eigure [T6| shows the orbital period vs. the companion masses 
of the dM companions to WDs compared to the confirmed dM 
companions to sdB stars. The plot shows dM companion masses 
larger than ~O.2M0 for the WD-i-dM systems, while the mini¬ 
mum masses of dM companions to sdBs peak well below, near 
~0.1Mo. To increase the companion masses of the sdBn-dM 
systems to an sdB mass larger than 0.2 Mq the systems have to 
be observed with inclination angles below 30°. This is not very 
likely as the majority of the systems were selected from pho¬ 
tometry by eclipses and/or reflection effects which are hardly 
detectable in systems with small inclinations. 

The WD-i-dM systems show a wide spread in orbital pe¬ 
riod whereas the majority of the sdB-tdM systems were found 
with periods below 0.3 days. A possible reason might be that 
WD-i-dM systems are usually identified spectroscopically be- 
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Fig. 14. Comparison of minimum companion masses of sdB binaries 
with confirmed WD companions t o the E LM-WD binaries (grey shaded 
area) taken from iGianninas et"^ ll20l4i . 



log (P orb [d]) 


Fig. 15. Comparison of orbital periods of sdB binaries with confirmed 
WD companions to the known ELM-WD binaries wit h orbital solutions 
(grey shaded area) taken from iGianninas et iDdloIl). 

cause features of the dM dominate the red part of the compos¬ 
ite spectra. In contrast to that, almost all sdB-ndM systems were 
identified from the reflection effect in the lightcurves. Longer pe¬ 
riod systems show much weaker reflection effects and therefore 
are much harder to detect. 

9. Discussion 

9.1. Distribution of sdB masses 

Several previous stud ies discussed the sdB mass distribution. 
iFontaine et al.l (l2012h collected sdB masses of a sample of 22 
sdBs (15 derived from asteroseismology and 7 from r esolved bi¬ 
naries) , and found a sharp peak at M^ds = 0.47 Mq. iHan et all 
(I 2 QO 3 I) discussed the sdB mass distri bution formed vi a different 
phases of mass transfer. Figure 12 in iHan et’aH (l2003l) showed a 
sharp peak at M^ds - 0.46 M© for sdBs formed after a common 
envelope phase. 

In our analysis of the companion mass distribution shown in 
Fig. in we apply the assumption that the sdBs have all canoni¬ 



l0g(Porb [d]) 

Fig. 16. Companion mass plotted against the orbital period. Grey 
circles mark derived companion masses of known WD+dM bi ¬ 
naries with orbital solut ion s take n from IZorotovic et all (1201 ih . 
Ne bot Go mez-Mora n et alj ( 1201 ih , iPvrzas et^ ( 1201 2h and 
Parsons et al] ~~ (l2012lk ^ack arrows mark minimum companion 
masses of the known sdB+dM binaries. 


cal masses of Msds - 0.47 M© because of the results of previous 
studies (see Fontaine et al. 2012 and references therein). The 
distribution of the minimum companion masses (Fig.[8]l shows 
two quite narrow peaks. If the distribution of the sdB masses 
would be much more smeared out than predicted, those two 
peaks would have to be smeared out as well. We therefore con¬ 
clude that the width of the sdB mass distribution is of the or¬ 
der of 0.2 M© at most, which is consistent with the prediction 
from theory. We note that from our analysis we cannot claim that 
4^sdB = 0.47 M© is the canonical mass for sdBs because adopt¬ 
ing a higher (lower) average sdB mass would also increase (de¬ 
crease) the companion masses but the distinct peaks in the com¬ 
panion mass distribution would persist. 

9.2. WD companion masses 

The majority of minimum companion masses of confirmed WD 
companions are located around 0.4 M©, which is significantly 
below the average ma ss for single (DA) WDs of ~ 0.59 M© (e.g. 
iKleinman et al.l 1^131) . Because of projection effects and selec¬ 
tion biases the detection of high inclination systems should be 
favoured, which means that the derived limits should be on aver¬ 
age close to the companion masses. Since the minimum masses 
of the WD companions are significantly smaller than the average 
mass of single C/O-WDs, we test this hypothesis by computing 
the inclination angles for all sdB-i-WD binaries assuming that all 
companion WDs have an average mass of 0.6 M©. 

Figure[T7] shows a comparison between the computed distri¬ 
bution of inclination angles and the one expected for randomly 
distributed inclinations taking into account projection effects. 
We do not include any selection biases, but want to point out that 
they would in any case lead to even higher probabilities of see¬ 
ing the systems at high inclinations. One can clearly see that the 
inclination distribution is not consistent with the one expected 
for a population of 0.6 M© C/O-WD companions. Hence, it is 
likely that a significant fraction of the sdB binaries host WDs of 
masses below 0.6 M©. 
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Table 5. Derived times when the dM will fill its Roche Lobe and start 
accreting onto the primary to form a cataclysmic variable. The derived 
Mcomp are minimum companion masses which means that the time 
when the dM fills its Roche Lobe are upper limits 


Object 

Period 

[days] 

^Comp 

[Mo] 

Time 

[Gyr] 

HS2333-H3927 

0.172 

0.174 

3.44 

J192059-H372220 

0.169 

0.107 

6.09 

2M1533-H3759 

0.162 

0.129 

4.21 

ASAS102322-3737 

0.139 

0.142 

2.15 

2M1938-H4603 

0.126 

0.107 

2.38 

BULSC16335 

0.122 

0.158 

0.95 

EC10246-2707 

0.119 

0.115 

1.70 

HWVir 

0.115 

0.138 

0.97 

HS 2231-^2441 

0.111 

0.073 

3.05 

NS VS 14256825 

0.110 

0.115 

1.27 

UVEX 0328-1-5035 

0.110 

0.098 

1.77 

PG 1336-018 

0.101 

0.121 

0.72 

J082053-H000843 

0.096 

0.067 

2.22 

HS 0705-H6700 

0.096 

0.131 

0.34 

PG 1017-086 

0.073 

0.066 

1.01 

J162256-H473051 

0.069 

0.060 

0.95 



Inclination angle [°] 


Fig. 17. Comparison of computed inclination angles of the confirmed 
sdB+WD systems to match companion masses of 0.6 Mq to a theoret¬ 
ical inclination angle distribution assuming randomly distributed incli¬ 
nation angles. 

9.3. Triple systems 

Only one sdB system was known to be triple up to recently. We 
found another sdB binary, J09510-H034 75, with a third compo¬ 
nent in a wide orbit. iBarlow et al.l (l2014ll studied 15 sdB binaries 
to detect long period companions. At least one has a visual com¬ 
panion well separated from the sdB. However, RV measurement 
show that the orbital period of the system is below 10 days, indi¬ 
cating a close companion in addition to the wide companion. 

The properties of J095 IOh- 03475 also imply that a fraction of 
sdB binaries showing an excess in the infrared might be triples 
systems. If we assume all 3 systems to be triples we find a frac¬ 
tion of 2.1 % in our sample. However, if the wide companion 
is too faint to show an excess in the infrared then it would be 


Table 6. Derived merger timescales of the confirmed sdB+WD systems. 
The derived Mcomp are minimum companion masses which means that 
the merger timescales are upper limits to merger times. 


Object 

Period 

[days] 

^^Comp 

[Mo] 

Time 

[Gyr] 

Merger 

result 

PG 0941-1-280 

0.311 

0.415 

10.27 

WD/RCrB 

PG 2345-1318 

0.241 

0.366 

5.78 

WD/RCrB 

PG1432-H159 

0.225 

0.283 

6.01 

WD/RCrB 

J113840-003531 

0.208 

0.415 

3.49 

WD/RCrB 

HS 1741-12133 

0.20 

0.389 

3.34 

WD/RCrB 

HE 1414-0309 

0.192 

0.366 

3.16 

WD/RCrB 

J083006-H475150 

0.148 

0.137 

3.77 

AMCVn 

EC00404-4429 

0.128 

0.305 

1.26 

WD/RCrB 

PG 1043-1760 

0.120 

0.101 

2.88 

AMCVn 

KPD 1930-12752 

0.095 

0.903 

0.23 

SNIa 

KPD 0422-(-5421 

0.090 

0.483 

0.33 

WD/RCrB 

CD-30° 11223 

0.049 

0.732 

0.05 

SNIa 


hidden in our sample and the fraction of triple systems might be 
significantly higher. So me of the sdB tr i ples m ight have formed 
from solar type triples. [Raghavan et al.l (1201 Oh found a fraction 
of 9 + 2% for solar type triples which is not in disagreement with 
our findings. 

9.4. Massive companions 

Hot subdwarf -i- WD binaries are potential supernova la pro¬ 
genitors if their masses are sufficiently large. However, only a 
very small fraction of massive WD companions (< 2 %) were 
detected. KPD1930H-2752 and CD-30°11223 are the only sys¬ 
tems with companion masses > 0.7 Mq. This impli es that only 
a spec ific evolutionary path can form such systems. IWang et aP 
(1201 3h showed that a system like CD-30° 11223 is formed from a 
young stellar population which can only be found in the Galactic 
disc. Indeed, CD-30 °11223 is a confirm ed member of the Galac¬ 
tic disc population (iGeier et al.ll2013bh . No NS or BH was de¬ 
tected in our sample but previous studies concentrated on high 
Galactic latitudes. Based on the non-detection of a NS or BH in 
our sample with 142 systems, we find that < 0.7 % of the close 
sdB binaries contain a NS or BH companion which is a small 
fraction but still consi stent with the predictions from binary 
evolu tion calculations (lYungelson & TutukovI 120051 : iNelemana 
l2010h . We encourage a systematic search for compact sdB bi¬ 
naries at low Galactic latitudes. 

9.5. Implications for the common envelope phase 

A remarkable result of our analysis is that we find clearly dis¬ 
tinct populations. The majority of confirmed WD companions 
have minimum companion masses strongly peaked at ~ 0.4 Mq. 
This is much lower than the average mass of single WDs and 
leads to the conclusion that the WDs need to lose a significant 
amount of mass during the evolution either during the first phase 
of mass transfer when the WD is formed or during the common 
envelope phase when the sdB is formed. The first phase can ei¬ 
ther be stable Roche lobe overflow or also a common envelope 
phase depending on the initial separation and the mass ratio of 
the system. White dwarf masses of ~ 0.4 Mq are on the border 
between a WD with a helium core and a C/O core and a signif- 


Article number, page 14 of 123 1 






























































T. Kupfer et al.: Hot subdwarf binaries from the MUCHFUSS project 


icant fraction of white dwarf companions might be helium-core 
WDs. 

In comparison, ELM-WD binaries show a much wider com¬ 
panion mass distribution starting at very low masses up to high 
masses close to the Chandrashekar limit. Either these systems 
form in a different way or sdB binaries need a special WD com¬ 
panion mass to lose the right amount of mass and form an sdB. 

The dM companions were found to have minimum compan¬ 
ion masses of ~ 0.1 Mq close to the hydrogen burning limit. 
These systems have experienced one phase of mass transfer, 
namely the CE phase when the sdB was formed, and are di¬ 
rect progenitors of WD-i-dM systems. However, in comparison 
with the known population of WD-i-dM systems we find that 
the main sequence companions in WD systems are significantly 
more massive than the main sequence companions in sdB sys¬ 
tems. This shows on the one hand that only a small number 
of WD-rdM systems evolved from sdB-i-dM systems and on the 
other hand that sdBs might be formed preferentially by low mass 
main sequence companions whereas WD are preferably formed 
with higher mass main sequence companions. The other possible 
way to form a compact WD-i-dM system without forming an sdB 
first is the formation of the WD directly during a CE phase when 
the WD progenitor evolves on the asymptotic giant branch. 

In addition we found no correlation of the orbital separation 
of the sdB binaries with companion mass (see Eig. fTTIi which 
means that the red giant progenitors of the sdB must have had 
different envelope masses. This could be tested, if we were able 
to identify systems that had similar envelope masses prior to en¬ 
velope ejection. In this respect the halo population of sdB bina¬ 
ries would be of great interest because they are expected to form 
from systems where the sdB progenitor has a mass of ~ 0.8 Mq. 
A detailed kinematic analysis to identify the halo population of 
compact sdB binaries is crucial. The majority of the MUCH- 
EUSS sample is faint and therefore they might be the best can¬ 
didates to be member of the halo population and a good starting 
point for an extended kinematic analysis of the complete sample 
of compact sdB binaries. 

9.6. Future evolution: Pre-CV vs. Merger 

Eor systems with main sequence companions we calculate the 
time when the dM will fill its Roche Lobe and starts accre¬ 
tion. As approx imation for the R oche radius the Eggleton equa¬ 
tion was used (lEggletonlll983h . with q being the mass ratio 
r} — ^Hcomp • 

^ 0.49g^/^ 

^ 0.6^2/3 + ln(l+^i/3)' 

We used the minimum companion mass for the dM 
and calculated the c orresp onding radius using Table 1 in 
iKaltenegger & TraubI (l2009l) by linear interpolation. Once the 
companion fills its Roche Lobe mass accretion starts and the 
systems becomes a cataclysmic variable (CV). We assumed 
that only gravitational wave radiation brings the to components 
closer. The time until the system starts accretions was c alcu¬ 
lated f rom the gravitational wave timescale, equation 7 from iPirol 
(1201 lh : 


tgw 



5 <(al 

96 G5/3 MsdbMdM \27r) 


(4) 


Table|5]shows the 16 systems which will become a CV and start 
accreting within a Hubble time. J0820-I-0008 and J1622-I-4730 


have confirmed brown dw arf companions (iGeier et al.ll201 Idt 
ISchaffenroth et al.l 12014bl) . Therefore at least two systems 
(J0820-H0008 and J1622H-4730) will have brown dwarf (BD) 
donor stars. The dM companion in HS0705-I-6700 will fill its 
Roche Lobe in about 340 Myr, beeing the first system of our 
sample. At this stage the sdB is already evolved and turned into a 
C/O-WD. Therefore, all 16 systems of our sample will appear as 
WD-i-dM/BD with a low-mass companion (Mcomp <~ 0.17Mo) 
before they become a CV. The currently known population of 
WD-i-dMs lacks such low-mass main sequence companions (see 
Eig.fTSI). However, our findings show that low mass dM compan¬ 
ions to WDs should exist as well. 

Merger timescales were calculated for systems of the full 
sample which have a confirmed WD co mpanion and will m erge 
within a Hubble time using equation 9 in iPaczvnskil (Il967h : 


To(years) = 3.22-10 ^ 


(4^sdB ^-fcomp) ^^^8/3 


(5) 


We identified 12 systems of the full sample which will merge 
within a Hubble time. Only CD-30°11223 will merge before the 
sdB turns into a WD. iGeier et ^ (1201 3bh showed that this sys¬ 
tem will most likely explode as a subluminous SN la. All other 
systems will evolve and turn into a C/O WD before they merge. 
Depending on the mass ratio the systems either merge (q >2/3) 
or form an AMCVn type binary (q <2/3). Eor a helium-core 
white dwarf companion the merger might form an RCrB star, 
whereas a C/O-WD companion forms a massive single C/O-WD. 
If the system r eaches the Chan drashekar mass it might explode 
as a SNIa (e.g. lWebbinklfT^ . 

PG1043-I-760 and J0830-(-4751 have low minimum compan¬ 
ion masses and a mass ratio q <2/3. The companions in those 
systems are most likely helium-core white dwarfs. Both sys¬ 
tems are therefore good candidates to have stable mass transfer 
and form an AMCVn type binary. KPD1930-I-2752 has a mas¬ 
sive WD companion. The combined mass is close to the Chan¬ 
drashekar limit. Thus, this is a good system to explode as a SN la. 
The other 8 systems have mass ratios q >2/3 and therefore are 
potential progenitors for mergers. Depending on the structure of 
the companion, the merger with a helium-core white dwarf might 
form an RCrB star, whereas a C/O-WD companion might form 
a massive single C/O-WD. 

This analysis shows that the majority of sdB binaries with 
white dwarf companions will not merge within a Hubble time 
and only a small number of systems have periods and companion 
masses to either merge, form an AM CVn type binary or explode 
as a supernova la. 


10. Summary 

In this paper we have presented atmospheric and orbital parame¬ 
ters of 12 new close sdB binaries discovered by the MUCHEUSS 
project. Three of them have most likely WD companions. We 
found the first helium deficient sdO with a compact companion, 
a good candidate for an ELM-WD companion and confirmed the 
second known hierarchical triple amongst the known sdBs. 

This study increases the number of hot subdwarf binaries 
with orbital periods less than 30 days and measured mass func¬ 
tions to 142 systems. The companion mass distribution of the full 
sample shows two separate peaks. The confirmed dM/BD com¬ 
panions are concentrated around 0.1 Mq whereas the majority of 
the WD companions peak at around 0.4 Mq showing that WDs in 
compact hot subdwarf binaries have significantly lower masses 
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than single WDs. The - logg diagram of the sdB+dM sys¬ 
tems indicates that in these systems the sdBs might have higher 
masses compared to the rest of the sample. 

Close hot subdwarf binaries are expected to be formed in a 
similar way as the compact ELM-WD binaries or the WD-tdM 
pre-CV systems. However, both samples show significantly dif¬ 
ferent companion mass distributions indicating either selection 
biases or differences in their evolutionary paths. 

We discussed possible implications for the common enve¬ 
lope phase, but also found that the progenitor stars of the sdB 
in our sample might have had a rather broad mass distribution. 
More insights in the formation process of field sdB stars can be 
gained, if they can be clearly assigned to their parent popula¬ 
tions, either the thin disc, the thick disc or the Galactic halo. 
Accurate distances and kinematics are crucial for such an anal¬ 
ysis. The GAIA space mission will provide accurate distances, 
luminosities and kinematics for most of the known sdB stars and 
will also cover the Galactic disc region, which has been avoided 
by previous surveys because of reddening. 

This data will make it possible to derive sdB masses, identify 
different sdB populations and allow us to put constraints on the 
evolution history and the common envelope phase which forms 
the sdBs in close binaries. 
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Appendix A: 


Table A.l. Atmospheric parameters 


Object 

Teff 

[K] 

logg 

log>' 

Instrument 

JOl185-00254 

26700 ±1000 

5.36 + 0.15 

-3.0 

SDSS 


27700 ± 600 

5.55 + 0.09 

< -3.0 

TWIN 


28000 ± 350 

5.55 + 0.05 

< -3.0 

Goodman 


27900 ± 600 

5.55 + 0.07 

< -3.0 

adopted 

J03213+05384 

30200 ± 500 

5.74 + 0.11 

-2.4 

SDSS 


30700 ±100 

5.73 + 0.02 

-2.3 

ISIS 


31200 + 300 

5.74 + 0.05 

-2.5 

Goodman 


30700 ± 500 

5.74 + 0.06 

-2.4+ 0.1 

adopted 

J08233+11364 

31300 + 600 

5.78 + 0.12 

-1.9 

SDSS 


31100 + 200 

5.78 + 0.03 

-2.0 

ISIS 


31200 + 400 

5.80 + 0.06 

-2.0 

Goodman 


31200 + 600 

5.79 + 0.06 

-2.0+ 0.1 

adopted 

J08300+47515 

25200 + 500 

5.30 + 0.05 

-3.3+ 0.7 

SDSSt 


25400 + 200 

5.45 + 0.02 

< -3.0 

ISIS 


25300 + 600 

5.38 + 0.06 

< -3.0 

adopted 

J09510+03475 

29800 + 300 

5.48 + 0.04 

-2.8+ 0.3 

SDSSt 


29800 + 300 

5.48 + 0.04 

-2.8 + 0.3 

adopted 

J09523+62581 

27800 + 500 

5.61+0.08 

-2.6 

SDSSt 


27600 + 200 

5.56 + 0.02 

-2.5 

ISIS 


27700 + 600 

5.59 + 0.06 

-2.6+ 0.1 

adopted 

J10215+30101 

30700 + 500 

5.71 +0.06 

< -3.0 

SDSSt 


30000 + 200 

5.63 + 0.02 

-2.5 

ISIS 


30400 + 600 

5.67 + 0.06 

-2.6+ 0.1 

adopted 

J1132-0636 

46400 + 1900 

5.83 + 0.11 

-2.7 

SDSS 


46400 + 500 

5.94 + 0.03 

-3.0 

ISIS 


46400 + 1000 

5.89 + 0.07 

-2.9+ 0.2 

adopted 

J13463+28172 

28000 + 800 

5.38 + 0.12 

-2.7 

SDSS 


29500 + 200 

5.54 + 0.02 

-2.4 

GMOS 


28800 + 600 

5.46 + 0.07 

-2.6 + 0.2 

adopted 

J15082+49405 

28200 + 600 

5.34 + 0.09 

-2.0+ 0.2 

SDSSt 


27000+ 1100 

5.28 + 0.19 

-2.2 

GMOS 


29500 + 600 

5.76 + 0.10 

-2.3 

TWIN 


29600 + 300 

5.70 + 0.05 

-2.3 

ISIS 


29600 + 600 

5.73 + 0.07 

-2.3+ 0.1 

adopted 

J15222-01301 

24800 + 1000 

5.52 + 0.15 

-2.6+ 0.5 

SDSSt 


25600 + 500 

5.41 + 0.07 

< -3.0 

ISIS 


25200 + 700 

5.47 + 0.09 

< -3.0 

adopted 

J18324+63091 

26700+ 1100 

5.26 + 0.17 

-2.5 

SDSS 


26900 + 200 

5.32 + 0.03 

-2.7 

ISIS 


26800 + 700 

5.29 + 0.09 

-2.6+ 0.1 

adopted 


Notes, t Parameters taken from iGeier et al.l ( 1201 lah 
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Table A.2. Orbital parameters of all published helium burning hot subdwarf bi¬ 
naries 


Object 

Teff [K] 

log,? 

Period [days] 

7 [kms '] 

K [kms '] 

References 

PG0850+170 

27100±1000 

5.37±0.10 

27.815±0.005 

32.2±2.8 

33.5±3.3 

[1,47] 

EGB5 

34500±500 

5.85±0.05 

16.532±0.003 

68.5±0.7 

16.1±0.8 

[2] 

PG0919-)-273 

32900 

5.90 

15.5830±0.00005 

-68.6±0.6 

41.5±0.8 

[3] 

PG1619-H522 

32300±1000 

5.98±0.10 

15.3578±0.0008 

-52.5±1.1 

35.2±1.1 

[1,47] 

KIC7668647 

27680±310 

5.50±0.03 

14.1742±0.0042 

-27.4±1.3 

38.9±1.9 

[4] 

CS1246 

28500±700 

5.46±0.11 

14.105±0.011 

67.2±1.7 

16.6±0.6 

[5] 

LB1516 

25200±1100 

5.41±0.12 

10.3598±0.00005 

14.3±1.1 

48.6±1.4 

[6] 

PG1558-007 

20300±1000 

5.00±0.10 

10.3495±0.00006 

-71.9±0.7 

42.8±0.8 

[3,48] 

Kiel 1558725 

27900±500 

5.41±0.05 

10.0545±0.0048 

-66.1 ±1.4 

58.1±1.7 

[7] 

PG1110-^294 

30100±1000 

5.72±0.10 

9.4152±0.0002 

-15.2±0.9 

58.7±1.2 

[1,47] 

EC20260-4757 

- 

- 

8.952±0.0002 

56.6±1.6 

57.1±1.9 

[3] 

EeigelOS 

34500±1000 

6.01±0.15 

8.74651±0.00001 

45.8±0.6 

50.2±1.0 

[8,49] 

PG0940-t068 

- 

- 

8.330±0.003 

-16.7±1.4 

61.2±1.4 

[9] 

PHL861 

30000±500 

5.50±0.05 

7.44±0.015 

-26.5±0.4 

47.9±0.4 

[10] 

J032138-H053840 

30700±500 

5.74±0.06 

7.4327±0.0004 

-16.7±2.1 

39.7±2.8 

This work 

HE 1448-0510 

34700±500 

5.59±0.05 

7.159±0.005 

-45.5±0.8 

53.7±1.1 

[10 

PG1439-013 

- 

- 

7.2914±0.00005 

-53.7±1.6 

50.7±1.5 

[3] 

J095238-H625818 

27700±600 

5.59±0.06 

6.98±0.04 

-35.4±3.6 

62.5±3.4 

This work 

PG1032-t406 

31600±900 

5.77±0.10 

6.7791±0.0001 

24.5±0.5 

33.7±0.5 

[1,47] 

PG0907-tl23 

26200±900 

5.30±0.10 

6.11636±0.00006 

56.3±1.1 

59.8±0.9 

[1,47] 

HE1115-0631 

40400±1000 

5.80±0.10 

5.87±0.001 

87.1±1.3 

61.9±1.1 

[11,50] 

CD-24731 

35400±500 

5.90±0.05 

5.85±0.003 

20.0±5.0 

63.0±3.0 

[12,51] 

PG1244-tll3 

36300 

5.54 

5.75211±0.00009 

7.4±0.8 

54.4±1.4 

[3] 

PG0839-t399 

37800±900 

5.53±0.10 

5.6222±0.0002 

23.2±1.1 

33.6±1.5 

[1] 

J183249-H630910 

26800±700 

5.29±0.09 

5.4±0.2 

-32.5±2.1 

62.1±3.3 

This work 

EC20369-1804 

- 

- 

4.5095±0.00004 

7.2±1.6 

51.5±2.3 

[3] 

TONS 135 

25000±1250 

5.60±0.20 

4.1228±0.0008 

-3.7±1.1 

41.4±1.5 

[12,52] 

PG0934-tl86 

35800 

5.65 

4.051±0.001 

7.7±3.2 

60.3±2.4 

[3] 

PB7352 

25000±500 

5.35±0.10 

3.62166±0.000005 

-2.1±0.3 

60.8±0.3 

[12,53] 

KPD0025-t5402 

28200±900 

5.37±0.10 

3.5711±0.0001 

-7.8±0.7 

40.2±1.1 

[1] 

KIC10553698 

27423±293 

5.436±0.024 

3.387±0.014 

52.1±1.5 

64.8±2.2 

[65] 

PG0958-073 

26100±500 

5.58±0.05 

3.18095±0.000007 

90.5±0.8 

27.6±1.4 

[3,54] 

PG1253-t284 

- 

- 

3.01634±0.000005 

17.8±0.6 

24.8±0.9 

[3] 

TON245 

25200±1000 

5.30±0.15 

2.501±0.000 

- 

88.3 

[1,49] 

PG1300-^279 

29600±900 

5.65±0.10 

2.25931±0.0001 

-3.1±0.9 

62.8±1.6 

[1,47] 

CPD-201123 

23500±500 

4.90±0.10 

2.3098±0.0003 

-6.3±1.2 

43.5±0.9 

[13] 

NGC188/11-91 

- 

- 

2.15 

- 

22.0 

[14] 

J134632-H281722 

28800±600 

5.46±0.07 

1.96±0.03 

1.2±1.2 

85.6±3.4 

This work 

V1093Her 

27400±800 

5.47±0.10 

1.77732±0.000005 

-3.9±0.8 

70.8±1.0 

[1,47] 

PG1403-t316 

31200 

5.75 

1.73846±0.000001 

-2.1±0.9 

58.5±1.8 

[3] 

HD171858 

27200±800 

5.30±0.10 

1.63280±0.000005 

62.5±0.1 

60.8±0.3 

[12,53] 

J002323-002953 

29200±500 

5.69±0.05 

1.4876±0.0001 

16.4±2.1 

81.8±2.9 

[15] 

KPD2040+3955 

27900 

5.54 

1.482860±0.0000004 

-16.4±1.0 

94.0±1.5 

[3] 

HE2150-023 8 

30200±500 

5.83±0.07 

1.321±0.005 

-32.5±0.9 

96.3±1.4 

[10,55] 

JOl1857-002546 

27900±600 

5.55±0.07 

1.30±0.02 

37.7±1.8 

54.8±2.9 

This work 

UV01735-H22 

38000±500 

5.54±0.05 

1.278±0.001 

20.6±0.4 

103.0±1.5 

[12,53] 

PG1512-1-244 

29900±900 

5.74±0.10 

1.26978±0.000002 

-2.9±1.0 

92.7±1.5 

[1,47] 

PG0133-tll4 

29600±900 

5.66±0.10 

1.23787±0.000003 

-0.3±0.2 

82.0±0.3 

[12,1] 

HE1047-0436 

30200±500 

5.66±0.05 

1.21325±0.00001 

25.0±3.0 

94.0±3.0 

[16] 

PG2331-t038 

27200 

5.58 

1.204964±0.0000003 

-9.5±1.1 

93.5±1.9 

[3] 

HE1421-1206 

29600±500 

5.55±0.07 

1.188±0.001 

-86.2±1.1 

55.5±2.0 

[17,55] 

J113241-063652 

46400±000 

5.89±0.07 

1.06±0.02 

8.3±2.2 

41.1±4.0 

This work 

PG1000-^408 

36400±900 

5.54±0.10 

1.049343±0.0000005 

56.6±3.4 

63.5±3.0 

[3,47] 

J150829-H494050 

29600±600 

5.73±0.07 

0.967164±0.000009 

-60.0±10.7 

93.6±5.8 

This work 

PG1452-^198 

29400 

5.75 

0.96498±0.000004 

-9.1±2.1 

86.8±1.9 

[3] 

HS2359-tl942 

31400±500 

5.56±0.07 

0.93261±0.00005 

-96.1±6.0 

107.4±6.8 

[6,55] 

PB5333 

40600±500 

5.96±0.10 

0.92560±0.0000012 

-95.3±1.3 

22.4±0.8 

[8,54] 

HE2135-3749 

30000±500 

5.84±0.05 

0.9240±0.0003 

45.0±0.5 

90.5±0.6 

[10] 

EC12408-1427 

- 

- 

0.90243±0.000001 

-52.2±1.2 

58.6±1.5 

[3] 

PG0918-t029 

31700±900 

6.03±0.10 

0.87679±0.000002 

104.4±1.7 

80.0±2.6 

[1,47] 

PG1116-t301 

32500±1000 

5.85±0.10 

0.85621±0.000003 

-0.2±1.1 

88.5±2.1 

[1,47] 

PG1230-t052 

27100 

5.47 

0.837177±0.0000003 

-43.1±0.7 

40.4±1.2 

[3] 

EC21556-5552 

- 

- 

0.8340±0.00007 

31.4±2.0 

65.0±3.4 

[3] 

V25790ph 

23500±500 

5.40±0.10 

0.8292056±0.0000014 

-54.16±0.27 

70.1±0.13 

[18,53] 

EC13332-1424 

- 

- 

0.82794±0.000001 

-53.2±1.8 

104.1±3.0 

[3] 
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Table A.2. continued. 


Object 

Teff 

log.? 

Period [days] 

7 [kms '] 

K [kms *] 

References 

TONS 183 

27600+500 

5.43+0.05 

0.8277+0.00002 

50.5+0.8 

84.8+1.0 

[12,53] 

KPD2215+5037 

29600 

5.64 

0.809146+0.0000002 

-7.2+1.0 

86.0+1.5 

[3] 

EC02200-2338 

- 

- 

0.8022+0.00007 

20.7+2.3 

96.4+1.4 

[3] 

J150513+110836 

33200+500 

5.80+0.10 

0.747773+0.00005 

-77.1 + 1.2 

97.2+1.8 

[15] 

PG0849+319 

28900+900 

5.37+0.10 

0.74507+0.000001 

64.0+1.5 

66.3+2.1 

[1,47] 

JL82 

26500+500 

5.22+0.10 

0.73710+0.00005 

-1.6+0.8 

34.6+1.0 

[12,53] 

PG1248+164 

26600+800 

5.68+0.10 

0.73232+0.000002 

-16.2+1.3 

61.8+1.1 

[1,47] 

EC22202-1834 

- 

- 

0.70471+0.000005 

-5.5+3.9 

118.6+5.8 

[3] 

J225638+065651 

28500+500 

5.64+0.05 

0.7004+0.0001 

-7.3+2.1 

105.3+3.4 

[15] 

J152222-013018 

25200+700 

5.47+0.09 

0.67162+0.00003 

-79.5+2.7 

80.1+3.5 

This work 

PG1648+536 

31400 

5.62 

0.6109107+0.00000004 

-69.9+0.9 

109.0+1.3 

[3] 

PG1247+554 

- 

- 

0.602740+0.000006 

13.8+0.6 

32.2+1.0 

[9] 

PG1725+252 

28900+900 

5.54+0.10 

0.601507+0.0000003 

-60.0+0.6 

104.5+0.7 

[1,47] 

EC20182-6534 

- 

- 

0.598819+0.0000006 

13.5+1.9 

59.7+3.2 

[3] 

PGOlOl+039 

27500+500 

5.53+0.07 

0.569899+0.000001 

7.3+0.2 

104.7+0.4 

[19] 

HE1059-2735 

41000+1000 

5.38+0.10 

0.555624 

-44.7+0.6 

87.7+0.8 

[11,50] 

PG1519+640 

30600 

5.72 

0.54029143+0.0000000025 

0.1+0.4 

42.7+0.6 

[8,3] 

PGOOOl+275 

25400+500 

5.30+0.10 

0.529842+0.0000005 

-44.7+0.5 

92.8+0.7 

[12,53] 

PG 1743+477 

27600+800 

5.57+0.10 

0.515561+0.0000001 

-65.8+0.8 

121.4+1.0 

[1] 

J172624+274419 

32600+500 

5.84+0.05 

0.50198+0.00005 

-36.7+4.8 

118.9+3.7 

[15] 

HE1318-2111 

36300+1000 

5.42+0.10 

0.487502+0.0000001 

48.9+0.7 

48.5+1.2 

[11,50] 

KUV16256+4034 

23100 

5.38 

0.4776+0.00008 

-90.9+0.9 

38.7+1.2 

[3] 

GALEXJ2349+3844 

23800+350 

5.38+0.06 

0.462516+0.000005 

2.0+1.0 

87.9+2.2 

[20,56] 

HE0230-4323 

31100+500 

5.60+0.07 

0.45152+0.00002 

16.6+1.0 

62.4+1.6 

[12,55] 

HE0929-0424 

29500+500 

5.71+0.05 

0.4400+0.0002 

41.4+1.0 

114.3+1.4 

[10] 

UVO1419-09 

- 

- 

0.4178+0.00002 

42.3+0.3 

109.6+0.4 

[12] 

J095101+034757 

29800+300 

5.48+0.04 

0.4159+0.0007 

111.1+2.5 

84.4+4.2 

This work 

KPD1946+4340 

34200+500 

5.43+0.10 

0.403739+0.0000008 

-5.5+1.0 

156.0+2.0 

[21,53] 

V1405Ori 

35100+800 

5.66+0.11 

0.398 

-33.6+5.5 

85.1+8.6 

[6] 

Feige48 

29500+500 

5.54+0.05 

0.376+0.003 

-47.9+0.1 

28.0+0.2 

[22,51] 

GD687 

24300+500 

5.32+0.07 

0.37765+0.00002 

32.3+3.0 

118.3+3.4 

[23,55] 

PG 1232-136 

26900+500 

5.71+0.05 

0.3630+0.0003 

4.1+0.3 

129.6+0.04 

[12,53] 

PGl 101+249 

29700+500 

5.90+0.07 

0.35386+0.00006 

-0.8+0.9 

134.6+1.3 

[24,57] 

PG1438-029 

27700+1000 

5.50+0.15 

0.336 

- 

32.1 

[25,49] 

PG1528+104 

27200 

5.46 

0.331+0.0001 

-49.3+1.0 

53.3+1.6 

[3] 

PHL457 

26500+1100 

5.38+0.12 

0.3128+0.0007 

- 

12.8+0.08 

[26,54] 

PG0941+280 

29400+500 

5.43+0.05 

0.311 

73.7+4.3 

141.7+6.3 

[6] 

HS2043+0615 

26200+500 

5.28+0.07 

0.3015+0.0003 

-43.5+3.4 

73.7+4.3 

[6,55] 

J102151+301011 

30400+600 

5.67+0.06 

0.2966+0.0001 

-28.4+4.8 

114.5+5.2 

This work 

KBS 13 

29700+500 

5.70+0.05 

0.2923+0.0004 

7.53+0.08 

22.82+0.23 

[27,58] 

CPD-64481 

27500+500 

5.60+0.05 

0.277263+0.000005 

94.1+0.3 

23.9+0.05 

[26,51] 

GALEXJ0321+4727 

28000+400 

5.34+0.07 

0.265856+0.000003 

69.6+2.2 

60.8+4.5 

[20,56] 

HE0532-4503 

25400+500 

5.32+0.05 

0.2656+0.0001 

8.5+0.1 

101.5+0.2 

[10] 

AADor 

42000+1000 

5.46+0.05 

0.2614+0.0002 

1.57+0.09 

40.15+0.11 

[28,59] 

J165404+303701 

24900+800 

5.39+0.12 

0.25357+0.00001 

40.5+2.2 

126.1+2.6 

[15] 

J012022+395059 

29400+500 

5.48+0.05 

0.252013+0.000013 

-47.3+1.3 

37.3+2.8 

[44] 

PG1329+159 

29100+900 

5.62+0.10 

0.249699+0.0000002 

-22.0+1.2 

40.2+1.1 

[1,47] 

J204613-045418 

31600+500 

5.54+0.08 

0.24311+0.00001 

87.6+5.7 

134.3+7.8 

[15] 

PG2345+318 

27500+1000 

5.70+0.15 

0.2409458+0.000008 

-10.6+1.4 

141.2+1.1 

[24,49] 

PG1432+159 

26900+1000 

5.75+0.15 

0.22489+0.00032 

-16.0+1.1 

120.0+1.4 

[24,49] 

BPSCS22169-0001 

39300+500 

5.60+0.05 

0.214 

- 

16.2 

[26,53] 

J113840-003531 

31200+600 

5.54+0.09 

0.207536+0.000002 

23.3+3.7 

162.0+3.8 

[15] 

J082332+113641 

31200+600 

5.79+0.06 

0.20707+0.00002 

135.1+2.0 

169.4+2.5 

This work 

HS1741+2133 

- 

- 

0.20+0.01 

-112.8+2.7 

157.0+3.4 

[29] 

HE1414-0309 

29500+500 

5.56+0.07 

0.192+0.004 

104.7+9.5 

152.4+1.2 

[6,55] 

HS2333+3927 

36500+1000 

5.70+0.10 

0.1718023+0.0000009 

-31.4+2.1 

89.6+3.2 

[30] 

J192059+372220 

27500+1000 

5.4+0.1 

0.168876+0.00035 

16.8+2.0 

59.7+2.5 

[64] 

2M1533+3759 

29200+500 

5.58+0.05 

0.16177042+0.00000001 

-3.4+5.2 

71.1+1.0 

[31] 

J083006+475150 

25300+600 

5.38+0.06 

0.14780+0.00007 

49.9+0.9 

77.0+1.7 

This work 

ASAS102322-3737 

28400+500 

5.60+0.05 

0.13926940+0.00000004 

- 

81.0+3.0 

[32] 

EC00404-4429 

- 

- 

0.12834+0.000004 

33.0+2.9 

152.8+3.4 

[3] 

2M1938+4603 

29600+500 

5.43+0.05 

0.1257653+0.000000021 

20.1+0.3 

65.7+0.6 

[33] 

BULSC16335 

31500+1800 

5.70+0.2 

0.122 

36.4+19.6 

92.5+6.2 

[6] 

PG1043+760 

27600+800 

5.39+0.1 

0.1201506+0.00000003 

24.8+1.4 

63.6+1.4 

[1,47] 

EC 10246-2707 

28900+500 

5.64+0.06 

0.1185079935+0.00000000091 

- 

71.6+1.7 

[34] 

HWVir 

28500+500 

5.63+0.05 

0.115+0.0008 

-13.0+0.8 

84.6+1.1 

[35,60] 

HS2231+2441 

28400+500 

5.39+0.05 

0.1105880+0.0000005 

- 

49.1+3.2 

[36] 
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Table A.2. continued. 


Object 

Teff 

log.? 

Period [days] 

7 [kms '] 

K [kms *] 

References 

NS VS 14256825 

40000±500 

5.50±0.05 

0.110374230±0.000000002 

12.1±1.5 

73.4±2.0 

[37] 

UVEX0328+5035 

28500 

5.50 

0.11017±0.00011 

44.9±0.7 

64.0±1.5 

[29,61] 

PG1336-018 

32800±500 

5.76±0.05 

0.101015999±0.00000001 

-25.0 

78.7±0.6 

[38,62] 

J082053+000843 

26000±1000 

5.37±0.14 

0.096±0.001 

9.5±1.3 

47.4±1.9 

[45] 

HS0705+6700 

28800±900 

5.40±0.10 

0.09564665±0.00000039 

-36.4±2.9 

85.8±3.6 

[39] 

KPD1930+2752 

35200±500 

5.61±0.06 

0.0950933±0.0000015 

5.0±1.0 

341.0±1.0 

[40] 

KPD0422+5421 

25000±1500 

5.40±0.10 

0.09017945±0.00000012 

-57.0±12.0 

237.0±8.0 

[41,63] 

PG1017-086 

30300±500 

5.61±0.10 

0.0729938±0.0000003 

-9.1±1.3 

51.0±1.7 

[42] 

J162256+473051 

29000±600 

5.65±0.06 

0.069789 

-54.7±1.5 

47.0±2.0 

[46] 

CD-3011223 

29200±400 

5.66±0.05 

0.0489790717±0.0000000038 

16.5±0.3 

377.0±0.4 

[43] 


References. 1:[ 

Viorales-Rueda et al.l(l2003h: 2:lGeier et al.ld201 Id): 3:lCoDDerwheat et alJ 

20111): 4: Telting et al. in Dress: 5:[Barlow et aLld2011l): 

6: iGeier et alJ (120141 7: iTeltine et al.l (l2012h: 8: Edelmann et al.l (120041; 9: Maxted et al 

(2000bll: 10: iKarl et al 

d2006l): 11: iNaoiwotzki et al. 

(I2004ah; 12: lEdelmann et al.l( 20051; 13:lNaslim et alJi2012h: 14:lGreen et al.l (l2004ll: 15:lGeier et alJ(l2011bll; 16: 

Naniwotzki et al.l ( 2001bll; 17: 

IGeier et alJ (I 2 OO 6 II; 18: iFor et aU (l2006h; 19: Geieretal. i2008ll; 20: Kawka et al. (12012 

: 21: Bloemen et alJ (l20 

11; 22: lO’Toole et al. 

(20041; 

23: IGeier et alj 

2010a 

1; 24: iMoran et alJ (1199911; 25: Green et al.l (120051); 26: Geier et al. 

(I2012all; 27: lEor et all ( 200811; 28: iMuller et al 

(2010; 

29:fKuDfer et al 

(2014 

1; 30:lHeber et alJ (120041; 31:lEor et alJ(l2010ll; 32: ISchaffenroth et al. ( 201311; 33: Ostensen et al.l(l2010ah; 34: Barlow et al. 

(1201311: 35: lEdelmannl (1200811; 36: Ostensen et alj (l2007ll; 37: lAlmeida et al.l (l2012ll; 38: IVuckovic et al.l (120071; 39: iDrechsel et alj (1200 Ih; 40: 

IGeier et alJ d2007tl: 41: Orosz &Wade (ll999ll; 42: Maxted et alJ (l2002|l: 43: Geieretal.1 (l201.3hll: 44: lOstensen et alJ (l2013h; 45: IGeier etal. 


lO’Toole & Hebed ll2006h: 52: lHebej dl^: 53 : 


Geieret,^ _ _ __ 

57: lEdelmann et alj (Il999h. 58: 10stensen et alj OOlObli: 59: iKlepp & Rauchl l l2011h: 60: IWood & Saffej l ll999h : 61: IVerbeek et alj ( l2012h~ 62: 


2010bh: .S^ieier et alJ ll201^: 55: iLisker et alJ ll20()ii : 56:lNemeth et al.U2012h : 


IChaminet et al.l j200^ : 63: lKoen et alJlll998ii ~64: ISchaffenroth et alJ l2014ah : 65: l0stensen et al.l l2014h 


Table A.3. Photometry, spectroscopic distances and companion types 


Object 

V [mag] 

J [mag] 

H [mag] 

Distances [kPc] 

Comp. Type 

References 

PG0850-H170 

13.977±0.000 

14.531 ±0.043 

14.624±0.066 

1.041°;!^ 

MS/WD 

[1,13] 

EGB5 

13.808±0.04 

14.482±0.036 

14.530±0.055 

0-68!“:°^ 

MS/WD 

[2,13] 

PG0919-(-273 

12.765±0.009 

13.303±0.021 

13.420±0.030 

n aq+O.OO 

WD 

[1,13] 

PG1619-H522 

13.297±0.006 

13.883±0.027 

13.969±0.040 

n 44+0.08 
'^•^^-0.06 

WD 

[1,13] 

KIC7668647 

15.218±0.07 

15.815±0.066 

16.056±0.201^ 


WD‘" 

[2,13] 

CS1246 

14.371±0.03 

14.013±0.039 

14.032±0.058 

- 

MS/WD*" 

[2,13] 

LB1516 

12.967±0.003 

13.520±0.035 

13.663±0.054 

0-59tli 

WD 

[3,13] 

PG1558-007 

13.528±0.006 

- 

- 

0.84t|5 

MS/WD 

[1] 

Kiel 1558725 

14.859±0.04 

15.379±0.046 

15.352±0.088 


WD‘" 

[2,13] 

PG1110-t294 

14.086±0.006 

14.626±0.037 

14.674±0.063 


WD 

[1,13] 

EC20260-4757 

13.735±0.01 

14.424±0.023 

14.465±0.046 

- 

MS/WD 

[2,13] 

EeigelOS 

12.973±0.000 

13.529±0.024 

13.704±0.032 

^•■^“-0.07 

WD 

[4,13] 

PG0940-t068 

- 

14.151±0.027 

14.147±0.049 

- 

MS/WD 

[13] 

PHL861 

14.826±0.04 

15.375±0.051 

15.496±0.103 


MS/WD 

[2,13] 

J032138-H053840 

15.048±0.04 

15.148±0.050 

15.402±0.135® 

^•^^-0.10 

MS/WD 

[2,13] 

HE 1448-0510 

14.611±0.04 

15.199±0.056 

15.234±0.096 

^•■^^-0.11 

WD 

[2,13] 

PG1439-013 

13.943±0.028 

14.506±0.035 

14.692±0.041 

- 

MS/WD 

[1,13] 

J095238-H625818 

14.693±0.09 

15.420±0.067 

15.609±0.147® 

1 1 '1+0.16 

^■^•^-0.14 

WD 

[2,13] 

PG1032-t406 

11.519±0.009 

12.166±0.022 

12.275±0.018 

0.25 

MS/WD 

[1,13] 

PG0907-tl23 

13.970±0.003 

14.474±0.030 

14.666±0.066 

1.08!“:!^ 

MS/WD 

[1,13] 

HE1115-0631 

- 

15.623±0.079 

15.580±0.129® 

- 

MS/WD 

[13] 

CD-24731 

11.748±0.024 

12.404±0.027 

12.583±0.027 

^•^^-0.02 

WD 

[5,13] 

PG1244-tll3 

14.197±0.018 

14.821±0.004 

14.939±0.007 

1^1 +0.01 

A-^i_0.01 

WD 

[1,14] 

PG0839-t399 

14.389±0.000 

14.885±0.035 

15.080±0.064 

1 

^•■^'-’-0,16 

MS/WD 

[1,13] 

J183249-H630910 

15.695±0.01 

16.236±0.096 

16.068±0.176^ 

9 41 + 0.34 

^•^^-0.30 

MS/WD 

[2,13] 

EC20369-1804 

13.29 ±0.00 

13.937±0.022 

14.061±0.044 

- 

MS/WD 

[6,13] 

TONS 135 

13.302±0.042 

13.868±0.029 

14.017±0.047 

'-'•‘'’^-0.14 

MS/WD 

[5,13] 

PG0934-tl86 

13.138±0.001 

13.759±0.025 

13.972±0.038 

^•t>u_ooo 

WD 

[1,13] 

PB7352 

12.261±0.01 

12.819±0.026 

12.915±0.025 

0 44+0 06 

MS/WD 

[2,13] 
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Table A.3. continued. 


Object 

V[mag] 

J [mag] 

H [mag] 

Distances [kPc] 

Comp. Type 

References 

KPD0025+5402 

13.919±0.015 

14.259±0.031 

14.361±0.047 

- 

MS/WD 

[1,13] 

KIC10553698 

14.902±0.08 

15.446±0.047 

15.538±0.092 

- 

WD*" 

[2,13] 

PG0958-073 

13.563±0.002 

14.098±0.030 

14.139±0.039 

^•^■^-0,05 

MS/WD 

[4,13] 

PG1253+284 

12.769±0.000 

12.182±0.001 

12.003±0.001 

- 

MS/WD 

[1,13] 

TON245 

13.859±0.04 

14.312±0.002 

14.417±0.005 

0 97+0-24 
'-'■^'- 0.20 

WD 

[2,14] 

PG1300+279 

14.266±0.023 

14.894±0.004 

15.006±0.007 

0 94+0-16 

WD 

[1,14] 

CPD-201123 

12.173±0.12 

12.565±0.024 

12.658±0.027 

^■‘^^- 0.11 

MS/WD 

[2,13] 

NGC188/11-91 

- 

- 

- 

- 

MS/WD 

[] 

J134632-H281722 

14.908±0.07 

15.513±0.007 

15.595±0.010 

1 53+^-2‘ 

^•‘^'^-0,19 

WD 

[2,14] 

V1093Her 

13.967±0.008 

14.518±0.034 

14.677±0.074 

0 93+1114 

MS/WD‘" 

[1,13] 

PG1403-t316 

13.532±0.010 

14.179±0.023 

14.376±0.041 

'^•^*^- 0,00 

WD 

[1,13] 

HD171858 

9.85±0.04 

10.321±0.023 

10.432±0.022 

- 

MS/WD 

[7,13] 

J002323-002953 

15.577±0.02 

16.153±0.013 

16.275±0.026 

^•^^-0.14 

WD 

[2,14] 

KPD2040+3955 

14.472±0.049 

14.560±0.036 

14.560±0.065 

- 

MS/WD 

[1,13] 

HE2150-023 8 

- 

- 

- 

- 

MS/WD 

[] 

JOl1857-002546 

14.804±0.05 

15.184±0.047 

15.262±0.098 

1 9 C-PO .16 
^■^'^-0.15 

MS/WD 

[2,13] 

UV01735-H22 

11.861±0.01 

12.509±0.021 

12.650±0.022 

n '2'7+0.04 
-0.04 

WD 

[2,13] 

PG1512-h244 

13.185±0.04 

13.957±0.028 

13.957±0.039 

-0.07 

WD 

[2,13] 

PG0133-tll4 

12.345±0.000 

12.801±0.001 

12.918±0.002 

0 37+0.05 
-0.05 

WD 

[1,14] 

HE1047-0436 

14.796±0.000 

15.527±0.060 

15.637±0.123® 

r iq-pO.09 
^•^^-0.09 

WD 

[1,13] 

PG2331-t038 

14.974±0.025 

15.361±0.005 

15.404±0.012 

A-^^- 0.01 

WD 

[1,14] 

HE1421-1206 

15.510±0.0 

15.891±0.073 

15.872±0.165^ 

T 79 -PO.I 8 
'^-0.16 

MS 

[8,13.15] 

J113241-063652 

16.273±0.005 

16.684±0.142^ 

- 

9 qq-pO.24 
^•‘^^- 0.21 

MS/WD 

[9,13] 

PG1000-^408 

13.327±0.023 

13.978±0.027 

14.244±0.043 

0.83t|2 

MS/WD 

[1,13] 

J150829-H494050 

17.516±0.005 

- 

- 

Q oo-pO.41 
■^•^*^-0.37 

MS/WD 

[9] 

PG1452-tl98 

12.476±0.002 

13.055±0.023 

13.179±0.025 

^■^^- 0.00 

WD 

[1,13] 

HS2359-tl942 

15.639±0.06 

16.234±0.092 

16.227±0.212^ 

^•'^^-0.24 

WD 

[2,13] 

PB5333 

12.874±0.020 

12.879±0.001 

12.622±0.001 

^•^^-0.06 

MS/WD 

[1,14] 

HE2135-3749 

13.896±0.01 

14.598±0.035 

14.650±0.051 

^•^'^-0.05 

WD 

[2,13] 

EC12408-1427 

12.823±0.02 

13.390±0.029 

13.465±0.035 

- 

MS/WD 

[2,13] 

PG0918-t029 

13.415±0.080 

13.995±0.002 

14.092±0.004 

0.43t°« 

WD 

[1,14] 

PG1116-t301 

14.337±0.019 

- 

- 

0.84/“;!^ 

MS/WD 

[ 1 ] 

PG1230-t052 

13.287±0.018 

13.835±0.002 

13.965±0.003 

- 0.01 

MS/WD 

[1,14] 

EC21556-5552 

13.090±0.04 

13.718±0.029 

13.862±0.047 

- 

MS/WD 

[2,13] 

V25790ph 

12.930±0.025 

13.369±0.026 

13.476±0.030 

^■‘^^-0,07 

MS/WD*" 

[1,13] 

EC13332-1424 

13.380±0.03 

13.895±0.030 

13.990±0.035 

- 

MS/WD 

[2,13] 

TONS 183 

12.598±0.02 

13.232±0.026 

13.361±0.028 

'-'•‘^^-0.04 

MS/WD 

[2,13] 

KPD2215+5037 

13.739±0.022 

14.218±0.040 

14.313±0.042 

- 

MS/WD 

[1,13] 

EC02200-2338 

12.014±0.01 

12.616±0.026 

12.748±0.021 

- 

MS/WD 

[2,13] 

J150513-H110836 

15.378±0.09 

16.043±0.006 

16.151±0.015 

1 44+0.26 

^•^^-0.23 

WD 

[2,14] 

PG0849-t319 

14.606±0.000 

15.177±0.044 

15.318±0.095 

1 46+0.23 

MS/WD 

[1,13] 

JL82 

12.389±0.003 

12.857±0.024 

12.960±0.025 

-0.07 

MS 

[3,13] 

PG1248-tl64 

14.460±0.03 

15.037±0.037 

15.013±0.080 

^•^^-0.13 

MS/WD 

[2,13] 

EC22202-1834 

13.802±0.03 

14.389±0.033 

14.431±0.049 

- 

MS/WD 

[2,13] 

J225638-H065651 

15.314±0.01 

15.744±0.006 

15.789±0.012 

1 qq+0.12 

^•‘^^-o.io 

WD 

[2,14] 

J152222-013018 

17.813±0.02 

18.424±0.098 

18.202±0.131 

- 

MS/WD 

[9,14] 

PG1648-t536 

14.055±0.017 

14.553±0.029 

14.587±0.051 

0 . 88 t°l 

WD 

[1,13] 

PG1247-t554 

12.259±0.01 

- 

11.087±0.017 

- 

MS/WD 

[2,13] 

PG1725-t252 

13.008±0.018 

13.496±0.026 

13.641±0.037 

0.54!°;® 

MS/WD 

[1,13] 

EC20182-6534 

13.29 ±0.0 

13.782±0.029 

13.877±0.021 

- 

MS/WD 

[6,13] 

PG0101-t039 

12.065±0.000 

12.609±0.001 

12.724±0.002 


WD‘" 

[4,14] 
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Table A.3. continued. 


Object 

V[mag] 

J [mag] 

H [mag] 

Distances [kPc] 

Comp. Type 

References 

HE1059-2735 

15.500+0.06 

16.051+0.089 

16.329+0.206'^ 

9 7'^+0.46 
'*^-0.43 

MS/WD 

[2,13] 

PG1519+640 

12.458+0.001 

13.007+0.023 

13.185+0.026 

0 9Q+0.00 
'^•'^^-0.00 

MS/WD 

[1,13] 

PGOOO1+275 

- 

13.833+0.024 

13.971+0.041 

- 

MS/WD 

[13] 

PG1743+477 

13.787+0.009 

14.313+0.024 

14.526+0.060 

'^•^^-0.10 

WD 

[1,13] 

J172624+274419 

15.994+0.01 

16.467+0.101 

- 

' -0.13 

WD 

[2,13] 

HE1318-2111 

14.718+0.09 

15.218+0.049 

15.288+0.089 

-0.26 

MS/WD 

[2,13] 

KUV16256+4034 

12.64 +0.21 

13.067+0.035 

13.224+0.035 

0 49+0.04 
'^•^^-0.05 

MS/WD 

[7,13] 

GALEXJ2349+3844 

11.73 +0.13 

12.040+0.024 

12.156+0.031 

- 

MS/WD 

[7,13] 

HE0230-4323 

13.768+0.02 

13.948+0.032 

13.804+0.044 

A 07+0.09 

MS 

[2,13] 

HE0929-0424 

16.165+0.15 

16.646+0.112® 

- 

z,.uU-028 

MS/WD 

[2,13] 

UVO1419-09 

12.115+0.09 

12.692+0.023 

12.835+0.025 

- 

WD 

[2,13] 

J095101+034757 

15.895+0.02 

15.972+0.007 

15.705+0.013 

7 a^+O.l? 

^•■^'-0.15 

MS/WD 

[2,14] 

KPD1946+4340 

14.299+0.002 

14.683+0.031 

14.836+0.055 

- 

WD 

[1,13] 

V1405Ori 

15.142+0.09 

14.574+0.031 

14.677+0.045 

- 

MS'" 

[2,13] 

Eeige48 

13.456+0.000 

13.983+0.027 

14.137+0.043 

0 73+0-05 
^•^‘^-0,06 

WD‘" 

[1,13] 

GD687 

14.077+0.03 

14.618+0.033 

14.874+0.077 

1 Q4+0.12 

WD 

[2,13] 

PG1232-136 

13.336+0.033 

13.758+0.028 

13.897+0.040 

-0.04 

WD 

[1,13] 

PGl 101+249 

12.775+0.03 

13.187+0.027 

13.257+0.039 

-0,04 

WD 

[2,13] 

PG1438-029 

- 

14.168+0.029 

14.240+0.053 

- 

MS 

[13] 

PG1528+104 

13.569+0.010 

14.082+0.002 

14.156+0.004 

0 77+0-01 
'-0.01 

WD 

[1,14] 

PHL457 

12.947+0.010 

13.499+0.026 

13.595+0.021 

'^•^^-0.11 

MS 

[2,13] 

PG0941+280 

13.265+0.07 

13.799+0.029 

13.899+0.042 

''^-0,07 

WD‘" 

[2,13] 

HS2043+0615 

15.420+ 0 

16.098+0.093 

- 

^•^^-0,19 

MS 

[8,13] 

J102151+301011 

18.218+0.007 

- 

- 

5 74+0.55 
' -0.51 

MS/WD 

[9] 

KBS 13 

13.633+0.01 

14.018+0.024 

14.063+0.032 

- 

MS'" 

[2,13] 

CPD-64481 

11.291+0.01 

11.878+0.022 

11.994+0.028 

0 23+0 02 
+'•^'^-0.02 

MS 

[2,13] 

GALEXJ0321+4727 

11.73 +0.15 

11.795+0.001 

11.923+0.001 

- 

MS 

[7,14] 

HE0532-4503 

15.98 +0.0 

16.563+0.146'^ 

- 

7 cc+0.20 
^•‘^'^-0.18 

MS/WD 

[10,13] 

AADor 

11.90 +0.0 

11.795+0.028 

11.965+0.029 

- 

MS'" 

[2,13] 

J165404+303701 

15.409+0.04 

15.938+0.008 

16.030+0.016 

1 70+0.37 
^'^°-0,30 

MS/WD 

[2,14] 

J012022+395059 

15.341+0.07 

16.016+0.078 

15.925+0.175'^ 

1 7Q+0.19 
^•^^-0.18 

MS 

[2,13] 

PG1329+159 

13.507+0.03 

14.047+0.002 

14.221+0.004 

'^•^'-0.10 

MS 

[2,13] 

J204613-045418 

16.324+0.01 

16.677+0.143® 

16.308+0.217" 

7 0 1 +0.33 
-0.30 

MS/WD 

[2,13] 

PG2345+318 

14.178+0.005 

14.690+0.039 

14.833+0.071 

0 19+0.05 
+'•^^-0.03 

WD 

[1,13] 

PG1432+159 

13.896+0.013 

14.445+0.028 

14.530+0.050 

0 64+0-15 
-0.12 

WD 

[1,13] 

BPSCS22169-0001 

12.848+0.01 

13.456+0.023 

13.551+0.024 

- 

MS 

[2,13] 

J113840-003531 

14.467+0.03 

15.161+0.043 

15.137+0.085 

1 77+0.17 
^•^■+-0.16 

WD 

[2,13] 

J082332+113641 

16.658+0.005 

- 

- 

2 4g+0.22 
^•^^-0,21 

MS/WD 

[2] 

HS1741+2133 

13.990+0.01 

14.386+0.036 

14.616+0.060 

- 

WD 

[2,13] 

HE1415-0309 

16.487+0.0 

- 

- 

2 76'^o-27 
^•^^-0.26 

WD 

[9] 

HS2333+3927 

14.794+0.01 

14.986+0.048 

15.018+0.084 

1 25‘*‘0-i'7 

^•^'^-0,15 

MS'" 

[2,13] 

J192059+372220 

15.745+0.01 

16.186+0.083 

16.272+0.224" 

- 

MS 

[2,13] 

2M1533+3759 

12.964+0.17 

13.652+0.026 

13.736+0.031 

0 55+0-0^ 

+'•‘^'^-0,08 

MS'" 

[2,13] 

J083006+475150 

16.043+0.03 

16.737+0.143® 

16.477+0.220" 

2-44!UiI 

WD 

[2,13] 

AS AS 102322-3737 

11.707+0.07 

12.028+0.021 

12.112+0.027 

0.28!°:“ 

MS'" 

[2,13] 

EC00404-4429 

13.674+0.02 

14.220+0.030 

14.424+0.052 

- 

WD 

[2,13] 

2M1938+4603 

12.063+0.01 

12.757+0.022 

12.889+0.020 

- 

MS'" 

[2,13] 

BULSC16335 

16.395+0.028 

12.868+0.022 

12.072+0.021 

- 

MS'" 

[11,13] 

PG1043+760 

13.768+0.016 

14.278+0.030 

14.359+0.049 

0 89^0.14 
+''°^-0,12 

WD 

[1,13] 

EC 10246-2707 

14.38 +0.0 

14.830+0.036 

14.842+0.052 

A 07+0.08 

'^■^^-0.07 

MS'" 

[12,13] 

HWVir 

10.577+0.069 

10.974+0.027 

11.093+0.022 

0 17+0-01 
-0-02 

MS'" 

[1,13] 
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Table A.3. continued. 


Object 

V[mag] 

J [mag] 

H [mag] 

Distances [kPc] 

Comp. Type 

References 

HS2231+2441 

14.153±0.05 

14.669±0.035 

14.732±0.054 

1 

^■•^^-0,10 

MS'" 

[2,13] 

NS VS 14256825 

13.389±0.25 

13.658±0.026 

13.797±0.026 

- 

MS'" 

[2,13] 

UVEX0328+5035 

14.263±0.02 

14.121 ±0.004 

13.915±0.004 

- 

MS 

[2,14] 

PG1336-018 

13.661±0.27 

14.594±0.037 

14.646±0.050 

'^•^^-0,07 

MS'" 

[2,13] 

J082053+000843 

15.168±0.05 

15.712±0.008 

15.818±0.014 

1 69+0.42 
^•^^-0.33 

BD 

[2,14] 

HS0705+6700 

14.923±0.52 

15.103±0.039 

15.233±0.086 

1 cq-pO.74 

MS'" 

[2,13] 

KPD1930+2752 

13.833±0.035 

13.983±0.029 

13.968±0.045 

- 

WD'" 

[1,13] 

KPD0422+5421 

14.682±0.018 

14.425±0.031 

14.421±0.046 

- 

WD'" 

[1,13] 

PG1017-086 

14.426±0.025 

14.866±0.042 

15.036±0.074 

A •'^-'-0.14 

MS 

[1,13] 

J162256+473051 

16.188±0.02 

16.732±0.136'' 

- 

9 9C+0.23 
^•^'^-0,21 

BD 

[2,13] 

CD-3011223 

12.296±0.03 

12.886±0.029 

12.932±0.023 

^•'^'^-0.03 

WD 

[2,13] 


Notes. Ic: identified photometrically; B,C,D: 2MASS colours of quality B, C or D which were excluded from the analysis 

References. 1: IWesemael et all lll992h : 2 : UCAC4; 3 : lLandohj ll2007h : 4: iLandoltl ll2009h: 5: iMermilliodI (Il992h: 6:IO’Donoghue et all (1201. ih 7: 
iHdg et al.l ( |2000|) : 8: NOMAD; 9: SDSS. I!estererZI ( l2005t) ; 10: SPMd.Om nUdalski et al.l (l2002h ; 12: fKilkennvet al.l (119971) ; 13: 2MASS; 14: 
UKIDSS; 15: Koenpriv. comment 


Article number, page 24 of|23] 


































